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Abstract 
Fire is a common feature in most ecosystems in Australia. Much of the native flora is 
well adapted to occasional fire and recovers over time in a variety of ways. Invasive species 
or ‘weeds’ are also a common feature in most Australian ecosystems, particularly in forests 
and woodlands close to urban settlements. Many invasive species have the potential to 
recover or recolonise more rapidly following disturbance than native species and may 
change the fuel load and structure of invaded areas. Invasive species can alter the fuel load 
and structure providing the fine fuel necessary for initiation and propagation of fire. 
Woody weeds can also provide elevated biomass to sustain fire and ‘ladder fuels’ allowing 
fire to reach the canopy. When both of these elements are considered there is the likelihood 
of alteration of fire behaviour in weed-infested areas of forests and woodlands. The 
research described in this thesis aims to investigate the effect of invasive species on fire in 
woodlands of eastern Australia. 
The fuel load, fuel structure and flammability of pristine (non-invaded) Cumberland 
Plain Woodland (Australian Botanical Garden, Mount Annan, New South Wales, Australia) 
and adjacent areas invaded with the woody weed, African Olive (Olea europaea subsp. 
cuspidata), was assessed and compared. Heavily-invaded areas are comprised of mature 
trees of African Olive present for more than 15 years, with a continuous canopy and a 
limited number of species in the understorey were contrasted with areas of ‘intermediate’ 
invasion, where immature trees of African Olive were interspersed among a 
grassy/shrubby matrix, and areas of pristine woodland. Overall, there was an increase in 
fine fuel loads, vertical distribution, fuel hazard score and flammability in areas densely 
invaded with African Olive compared to more recently invaded areas and nearby pristine 
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woodland. The differences in fuel load and vertical distribution of invaded and non-invaded 
areas are likely to result in changes in fire behaviour and will therefore influence the risk of 
fire. These data were used to model and test fire behaviour. 
The native shrub, Cootamundra Wattle (Acacia baileyana) has become an invasive 
woody weed in Yellow Box/Red Gum Grassy Woodland of Red Hill Nature Reserve in the 
Australian Capital Territory. Measurements of fuel load, fuel structure and flammability of 
heavily-invaded, sparsely-invaded and nearby pristine woodland indicated that the 
presence of Cootamundra Wattle changes the vertical distribution of fine fuels in invaded 
woodlands and changes the fuel hazard rating, but not the flammability of the fuel. As 
Cootamundra Wattle is a native Australian species it was not unexpected that there was no 
alteration in fuel flammability. 
Information about the combustion and flammability of invasive and native 
Australian species is scarce. Morphological, chemical and combustion characteristics 
related to flammability of fuel were measured using leaves from a range of woody weeds 
and compared to native Australian plants. Flammability of leaf material was measured 
using a Mass Loss Calorimeter and an Oxygen Bomb Calorimeter while morphological leaf 
traits and chemical analyses followed well-recognised methods. There was little evidence 
supporting correlation between leaf morphology and leaf flammability. A novel 
computational method was used to combine the four distinct components of leaf 
flammability (ignitability, sustainability, combustibility and consumability) to rank the 
species tested. The usefulness and limitations of such a ranking system to support fire 
management decisions is discussed. 
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Many studies, including the two case studies presented here, have shown the effects 
of invasive plants on fire behaviour. To date no Australian studies have used fuel data 
collected from the field with fire behaviour models to predict fire behaviour in areas 
invaded by woody weeds compared to non-invaded areas. In this study, the parameters 
required for modelling fuel in invaded and non-invaded vegetation located in the 
Australian Botanical Garden, Mount Annan were defined. Fire behaviour was simulated in 
invaded and non-invaded vegetation using the BehavePlus Fire Modeling System and 
compared to the predictions of fire behaviour using models currently in use by Australian 
fire management authorities for grassland and forest fuels. 
Woody weed invasion in Australian ecosystems are likely to be unique in the way 
that fuel loads, distribution and hazard ratings are altered. The flammability of invasive 
species should also be considered as an important variable influencing fire behaviour. Fire 
behaviour in novel fuel types can be modelled using field data. However, considerable field 
experimentation is still required to validate our understanding of how woody weeds may 
alter fire behaviour in different situations. 
Conducting research on invasive species and their potential effects on fuel 
composition and fire behaviour is becoming imperative given the increasing pressure of 
further woody weed invasions and increased extreme fire weather due to anthropogenic 
global warming.    
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1. Introduction 
1.1. Background to research 
 Australia is recognised worldwide, not only for the prevalence of bushfires, but also 
for many detrimental examples of biological invasion. Invasive plant species or weeds are 
able to spread into forests and woodlands surrounding populated areas and, once 
established, can directly alter ecosystem dynamics. A number of studies have investigated 
the ecological effects caused by the presence of weeds, however, the effects of invasive 
plants on fuel load and structure, fire regimes and intensity remains poorly understood, 
especially in Australia. 
 It is likely that weeds will alter flammability when compared to native species due 
to various aspects related to their architecture, leaf morphology, chemistry and life history. 
Because of the potential to improve management of invasive species and preserve 
ecosystems threatened by invasion, as well as to elucidate principles of population and 
community ecology underlying invasion, understanding the relationships among fire, plant 
invasion and plant community structure is currently of great interest to scientists and 
managers. Investigation of the alteration of fuel and the flammability of the most 
problematic weeds in Australia will allow the development of specific fuel models for these 
novel fuels. Using these fuel models as input to fire behaviour prediction systems could 
potentially: 
1. Improve the management and application of fuel reduction fires, 
2. Support better responses to fire emergencies in weed-invaded areas, and 
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3. Ultimately, result in best management practices to control weeds and reduce risk 
to the community. 
 
1.2. Thesis structure 
 Chapter 1 – A broad review of the most important aspects of plant invasion in 
Australia in relation to fire behaviour is presented. Fire behaviour in the main types of 
vegetation is described and an introduction to fire prediction models and modelling is 
provided. 
 Chapter 2 – The effect of invasion by African Olive in Cumberland Plain Woodland 
on fuel load, structure and fire hazard was investigated. Additional studies included 
measurement of rates of decomposition of litter and comparison of overall flammability of 
invaded and native areas to better understand differences between pristine (uninvaded) 
sites and this novel fuel type. 
 Chapter 3 – Cootamundra Wattle is a native species that has invaded many 
ecosystems across Australia. In this chapter, the changes in fuel load, structure and fire 
hazard caused by this species are presented and related to how a species that evolved 
under the similar environmental conditions can affects the fuel and fire behaviour. 
Chapter 4 – Data describing a range of common leaf traits, the mineral composition 
of leaves and their relationship to the four components of flammability for a range of weed 
and native species from woodlands and forests of eastern Australia are presented and 
interpreted. 
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Chapter 5 – Predictions of fire behaviour in a novel fuel type are presented in this 
chapter. Fire behaviour in the study area described in Chapter 2 is predicted using the 
BehavePlus Fire Modelling System and compared to predictions from existing models 
currently in use by Australian fire authorities. 
Chapter 6 – The ways in which the findings from this study could be incorporated 
into existing frameworks and strategies dealing with weeds and their consequence for fire 
behaviour in the invaded areas are discussed. Suggestions for further studies relating to 
fire management in weed-invaded areas are also provided. 
 
1.3. Weeds in Australia 
The term ‘alien species’ was coined by Charles Darwin but its meaning has been 
updated many times to arrive at the concept that is accepted today. An alien species can be 
defined as any species located in an area as a consequence of human-mediated transport 
(Lockwood et al. 2007). Alien plants are also referred to as weeds, exotics, invaders, 
noxious plants and non-natives. The Australian Weeds Committee has defined ‘weeds’ as all 
plants that growing in unwanted places, damaging the economy, society and environment 
of the country (Australian Government Department of the Environment and Water 
Resources 2006). Relevant authorities in the state of NSW consider a weed to be any 
species that establishes and expands its range threatening ecosystems or habitats, or any 
species which can cause economic or environmental harm (Government of New South 
Wales 1993). Each state and territory in Australia has a similar definition but often follow 
separate legislation and guidelines to manage invasive species. 
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More than 15 years ago, the Federal, State and Territory ministers responsible for 
agriculture, forestry and the environment in Australia agreed to develop a National Weeds 
Strategy to reduce the impact of weeds on the sustainability of Australia’s productive 
capacity and natural ecosystems (Sinden et al. 2004; Australian Weeds Committee 2005). 
In 1997, these actions culminated in the release of the National Weeds Strategy. In 1998, 
member states and territories agreed to organise a list of weed species (termed “weeds of 
national significance” (WONS)) according to an established set of criteria. In an attempt to 
organise knowledge about these species, the National Weeds Strategy Executive Committee 
maintains the list and basic data about each species which is regularly updated (Australian 
Weeds Committee 2005). The WONS list provides knowledge about exotic species harmful 
to the environment, however how these plants alter the environment and ecological 
processes still needs to be determined (Williams and Baruch 2000). 
The number of plant species introduced to Australia since European settlement is 
estimated to be about 25 000 (Groves et al. 2002). State and Federal governments have 
classified over 370 plant taxa as noxious weeds, and it has been estimated that there are 
around 2700 non-native species registered as naturalised (a species that can form self-
maintaining populations)    (Groves et al. 2003, Groves et al. 2005). About 30% of these 
species represent a major threat to native plants including some endangered and endemic 
flora (Groves et al. 2003). 
It is thought that since the time of European settlement the rate of introduction and 
spread of alien plants in Australia has increased linearly. However, this rate seems to be 
increasing exponentially in some areas in recent years (Adair and Groves 1998; Cook and 
Dias 2006). Kloot (1991) showed that between four and six new plant species are 
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introduced to Australia per year and this number has been constant over the last 100 years. 
Since settlement, a number of species have become well established due to the inadvertent 
spread by primary industries as a wide range of species were used to develop agriculture 
and to make the country more competitive on the global market (Stone et al. 2008; 
Australian Weeds Committee 2014). Although many weed species were originally 
introduced for horticultural purposes (e.g. African Olive; see Chapter 2) or as ornamental 
plants (e.g. Cootamundra Wattle; see Chapter 3), it is important to remember that the 
environmental consequences of these plants were largely unknown or ignored (Stone et al. 
2008). For example, Londsdale (1994) found that only 5% of non-native pastures plants 
introduced into Northern Australia between 1947 and 1985 have been useful to 
agriculture, while 13% have subsequently been listed as weeds. Of the useful species, 81% 
have become weeds on non-grazing land, with less than 1% proving to be beneficial to 
agriculture without any side effects. 
Human technology has changed the world so much that the possibility for weeds to 
arrive in Australia has broadened considerably and weeds can now arrive via different 
vectors quickly and easily. Both Hulme (2009) and Mack and Lonsdale (2001) have called 
attention to the challenge of conservation in the light of species exchange in the modern 
world. In an era of “species globalisation” it is becoming more and more important to 
understand the routes, pathways and motivations for deliberate or unintentional 
introduction of weeds and to ensure that rigorous assessments are made to avoid 
biological invasion. A better understanding of the factors behind the success of invasive 
species in frequently disturbed environments and the role of invading species in altering 
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ecosystems is a key step to produce knowledge to support management action (Flory and 
Clay 2010). 
1.3.1 Weeds classes in NSW and ACT 
The administration and control of weeds in NSW and the ACT is the responsibility of 
the Minister for Primary Industries under the Noxious Weeds Act 1993.  There are five 
classes of weeds identified and described (Government of New South Wales 1993, p. 3-4): 
“Class 1 – Plants that pose a potentially serious threat to primary production or the 
environment and are not present in the State or are present only to a limited extent. 
Class 2 – Plants that pose a potentially serious threat to primary production or the 
environment of a region to which the order applies and are not present in the region or are 
present only to a limited extent. 
Class 3 – Plants that pose a potentially serious threat to primary production or the 
environment of a region to which the order applies, are not widely distributed in the area and 
are likely to spread in the area or to another area. 
Class 4 – Plants that pose a potentially serious threat to primary production, the 
environment or human health, are widely distributed in an area to which the order applies 
and are likely to spread in the area or to another area. 
Class 5 – Plants that are likely, by their sale or the sale of their seeds or movement 
within the State or an area of the State, to spread in the State or outside the State.” 
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 Any noxious weed in NSW or the ACT that does not classify as a WONS and needs to 
be regulated by law will be included in one of the five classes above. The regulation of 
noxious weeds provides benefits to the community over and above the cost of 
implementing control programs (NSW Department of Primary Industries 2014). 
 
1.4. Fire in Australia 
Fire is a major environmental factor in Australian landscapes. The effects of fire are 
visible in nearly all vegetation types, differing from each other in terms of frequency of 
burning, fire intensity and fire season (Gill et al. 1981; Bradstock 2010). The frequency, 
intensity (rate of heat release during the burning process), seasonality (the time of year 
when the fire burns) and patchiness of the fire define what is referred to as the ‘fire regime’ 
of an area. The fire regime can alter vegetation structure and has the potential to influence 
plant invasion (Whelan 1995; Brooks et al. 2004; Mandle et al. 2011). The fire history of an 
area is the reconstruction of past and current fire regimes (Whelan 1995). 
Fire has been part of the Australian landscape for at least 60.8 million years (Singh 
and Geissler 1985; He et al. 2011). There is still considerable discussion amongst the 
scientific community around the accuracy of this date due to its bias toward a small 
number of regions of the country and the simplicity of time resolution (Bradstock et al. 
2002). At the beginning of the Tertiary period, the amount of precipitation was 
considerable (Scott 2000). Rainforest represented the majority of the vegetation and the 
climate and scarcity of eucalypts and other fire-promoting plants suggests that fires were 
usually isolated and did not affect large areas. The development of a drier climate and 
inconsistent patterns of rainfall towards the end of the Tertiary period meant that fires 
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became more frequent and rainforest was replaced by fire-tolerant and arid-adapted open 
forest (Scott 2000; McLoughlin 2001). It is believed that before the arrival of humans in 
Australia, bushfires were frequent across the continent, particularly in the north where 
lightning was the principal source of ignition (Pyne 1990; Bradstock et al. 2002). After 
Aboriginal colonisation, approximately 40 000 years ago (Mulvaney and Kamminga 1999; 
Vigilante et al. 2009), it is thought that fire regimes changed with increases in fire 
frequency and changes in seasonality. At about the same time, there were major changes in 
the vegetation and there is still no agreement as to whether or not such changes were 
related to the prevalent weather conditions, anthropogenic activity or both (Gill et al. 1981; 
Singh and Geissler 1985; Scott 2000; Bradstock et al. 2002). 
It is believed that the dominance of Eucalyptus in Australia since the Holocene may 
be an artifact of Aboriginal burning (Pyne 1990). The theory of “fire-stick farming” suggests 
that the arrival of Aboriginal populations in Australia caused changes in burning regimes 
and led to trophic-level shifts in ecosystems (Jones 1969). The fragmentation of woodlands 
and forests caused by fire and the expansion of grasslands, especially Triodia grasslands, 
created conditions for modification of the natural environment. Using fire as a tool, 
Aboriginal populations slowly altered environmental conditions such as nutrient 
availability and enhanced herbaceous plant productivity to create a mosaic in the 
landscape that allowed fire-prone communities to develop (Pyne 1990; Bird et al. 2008). 
Characteristics of fire behaviour such as intensity, frequency and season of burning 
changed again after European settlement (Richards 1990; Ward et al. 2001; Jurskis et al. 
2003; Watson and Wardell-Johnson 2004; Jurskis 2005; Burrows et al. 2009; Watson et al. 
2009). Fire exclusion and fire suppression practices were used more frequently in settled 
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areas, while planned burning was used in remote areas to reduce fire hazard or to improve 
grazing potential (Jurskis et al. 2003). Together with changes in fire regimes as a result of 
European colonisation, an important new factor was added to the pool of variables that can 
affect fire behaviour – the introduction of hundreds of new plant species that could 
potentially alter vegetated ecosystems and the quality and quantity of fuel. The alteration 
of the fuel structure and load caused by invasive species is investigated in Chapters 2 and 3.  
Changes in fuel chemistry and plant flammability are investigated in Chapter 4. 
  
1.5. Development of modern Australian flora in a fire-prone continent 
Characteristics that favour plant survival after bushfires in Australia may have 
evolved for reasons other than fire. According to Keeley et al. (2011), plant species are not 
‘fire adapted’. They are adapted to a particular fire regime, which, among other things, 
includes fire frequency, fire intensity and patterns of fuel consumption. For example, the 
ability to resprout may have evolved in response to grazing or drought and hard seed coats 
and woody fruits may be a response to low soil nutrients (Keeley and Zedler 1998; Schwilk 
and Ackerly 2001). The evolution of traits that improve the fitness of plant populations 
found in fire-prone landscapes has been the focus of fire research for a number of years 
and is a controversial field (Saura-Mas et al. 2010; He et al. 2011; Bowman et al. 2014).    
 The contemporary terrestrial flora of Australia is markedly different from that of 
other continents. Australia has an enormous number of species, genera and families that 
are endemic and many other taxa have Australia as their centre of diversity. The typical 
look of much of the vegetation in Australia is due to the dominance of Eucalyptus and 
Acacia in forests and woodlands that cover over 70% of the continent (Christophel 1989; 
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Hill 2004). The Australian flora has a distinct Gondwanan origin. Remnant rainforest 
ecosystems representing what was once a diverse and widespread flora in the early 
Tertiary period are now represented by plants confined to moist, sheltered habitats 
(Cowling and Lamont 1998; Pennington et al. 2009). Since the middle of the Tertiary 
period, the majority of plants in Australia diversified, especially in temperate and semi-arid 
environments (McLoughlin 2001). As an example, the flora of the Southwest Australian 
Floristic Region is primarily represented by angiosperms, especially woody families: 
Myrtaceae (1283 species/subspecies), Proteaceae (859), Fabaceae (540), Mimosaceae 
(503), Orchidaceae (374), Ericaceae (including Epacridaceae, 297), Asteraceae (280), 
Goodeniaceae (207), Cyperaceae (199) and Stylidiaceae (178) (Hopper and Gioia 2004). 
The importance of woody taxa is also evident in the ten largest genera. Listed in order of 
number of species/subspecies they include: Acacia (Mimosaceae; 502 
species/infraspecies), Eucalyptus (Myrtaceae; 362), Grevillea (Proteaceae; 229), Melaleuca 
(Myrtaceae; 185), Leucopogon (Ericaceae; 165), Verticordia (Myrtaceae; 138), Dryandra 
(Proteaceae; 136) and Hakea (Proteaceae; 105) (Hopper and Gioia 2004). Of these, only the 
herbaceous Trigger plants (Stylidium, Stylidiaceae; 170 species) and the geophytic orchid 
Caladenia (Orchidaceae; 162 species) constitute non-woody plants (Hopper and Gioia 
2004). Most of these species have some features that allow them to survive in low nutrient 
soil and to withstand seasonal water and heat stress and fire. 
With an increase in aridity and the prevalence of fire towards the end of the Tertiary 
period (Kershaw et al. 2002), sclerophyllous plants became more common (Hill 2004). 
Many of their characteristic features promoted fire resistance, for example, trees having 
thick, insulating bark on the lower half of the trunk, resprouting after vegetative damage 
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from dormant buds located on lignotubers, at the base of woody stems and along trunks or 
stems and stimulation of flowering and mass production of seeds after fire (Keeley et al. 
2011). Fire can kill some plants but these species may have the ability to reproduce from 
seed protected in hard, woody cones (e.g. Cypress pine or Callitris) or fruits, such as 
follicles (e.g. Hakea, Banksia) and capsules (e.g. Eucalyptus, Leptospermum). Other species 
have a seed coat which can only be cracked by heat. Fast-growing acacias are often among 
the first woody plants to regenerate after fire (Floyd 1966; Christophel 1989; Hill 2004).  
The tolerance of a plant to environmental processes is regulated by an array of 
functional traits and there is a feedback relationship between traits and processes (Scarff 
and Westoby 2006). Plant flammability relates to a set of traits that regulate and are 
regulated by the fire events in an ecosystem resulting in a multi-level complex feedback 
relationship (Gill and Moore 1996; Pausas et al. 2004; Gill and Zylstra 2005; Scarff and 
Westoby 2006; White and Zipperer 2010). These relationships will be investigated in 
Chapter 4. 
 
1.6. Fuel types 
The fire environment is broadly composed of weather, fuel and topography 
(Countryman et al. 1972). These three factors constantly interact (Agee 1997) and a change 
in any one of these factors will cause a change in fire behaviour (Whelan 1995). This 
section will therefore focus on what is known about the fuel component and how it can 
affect fire behaviour. Fuel is described as an irregular array of combustible elements with 
spaces that must be crossed by fire for new fuels to become available (Zylstra 2010). 
Sullivan et al. (2012) have defined fuel as a generic term used to describe any combustible 
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material. Fuel can also be defined as any burnable living and dead vegetation that may be 
consumed in the passage of a fire (Whelan 1995; Cochrane and Ryan 2009). 
Sullivan et al. (2012) noted that a fire is often described according to the predominant 
fuel type in which it is burning (e.g. grass fire, forest fire). Different classifications of fuel 
type have been described and used by land and fire management services around the world 
(Arroyo et al. 2008). However, describing fuel properties is usually very complex and it is 
therefore common practice to group vegetation types according to similar fire behaviour 
characteristics (Riaño et al. 2002). Knowledge about plant species alone is not enough for 
fire management, given that the same species could represent completely different fire 
behaviour because of different growth habits and/or fuel accumulation and decomposition 
in different environments (Anderson 1982; Andrews 1986). Merril and Alexander (1987, p. 
24) defined fuel type as “an identifiable association of fuel elements of distinctive species, 
form, size, arrangement, and continuity that will exhibit characteristic fire behaviour under 
defined burning conditions”. This definition takes into account the composition, structure 
and arrangement of fuel and the role that these elements have in fire behaviour. A map of 
the key fuel types of Australia according to the dominant fuel layer has recently been 
published (Sullivan et al. 2012). Three categories that represent the majority of Australian 
vegetation from a fuel perspective are represented and current fire behaviour models for 
each of the vegetation types – grassland, forest and shrubland – are summarised below. 
Fuel is defined by its physical attributes such as load, depth, height, bulk density, 
particle size, and proportion of live and dead material (Gould et al. 2011). A qualitative and 
quantitative description of fuel is important for understanding fire behaviour and provide 
information for fire management activities (Sandberg et al. 2001, Cruz et al. 2010). 
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Methods that allow quick assessment of fuel characteristics with reliable consistency are of 
increasing interest to fire managers, ecologists, air quality managers and carbon modellers 
(Ottmar et al. 2003, Gould et al. 2011). Different countries have developed their own 
methods for describing fuels according to the vegetation types being managed. Here, the 
three main systems developed in Australia, Canada and the United States are briefly 
described and compared with requirements for variation or adjustment for use in other 
countries and vegetation types (see Section 1.10.).  
 
1.6.1. Grassland 
Grassland is defined as an area dominated by grasses (Family Poaceae) rather than 
large shrubs or trees (Watson 1990). Grasses have a worldwide distribution and are the 
most dominant and economically important family of flowering plants. They occur in 
virtually all major ecosystem types and cover about 30% of naturally vegetated areas 
worldwide (Watson 1990; Singh and Upadhayaya 2000).  
According to Cheney and Sullivan (2008), grasslands in Australia can be divided into 
five groups: tropical, tussock, hummock, improved pastures and croplands. Other types of 
grasslands (e.g. alpine feldmarks) and tussock grasslands intermingled with herbfields, 
sedges and rushes are small in extent (around 64 000 km2) and fire behaviour in these 
vegetation types are similar to fire in more common types of grassland (Annon. 2006). In 
addition, Cheney et al. (1998) described three conditions for this general fuel type: (1) 
undisturbed and/or very lightly grazed natural grasslands or improved pasture or 
unharvested crops, generally more than 50 cm tall, (2) grazed or mown pasture, generally 
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less than 10 cm tall, and (3) very heavily grazed pasture, generally less than 3 cm tall with 
scattered patches of bare ground.  
 Abiotic factors such as rainfall, wind, temperature and photoperiod can influence 
the phenological cycle of grasses (Veenendaal et al. 1996a; b). However, grasses have the 
ability to adapt their life cycle to variations in the hydrological cycle due to seasonality and 
fluctuation in average annual rainfall (Veenendaal et al. 1996a; b; Munhoz and Felfili 2005). 
If conditions are favourable during the growing period then biomass will be accumulated. 
Once grasses have stopped growing or their growth slows down, combustibility then 
depends on the rate of curing (Sullivan et al. 2012). 
 
1.6.2. Forest 
A ’forest‘ is defined as an area of more than 0.5–1.0 ha with a minimum tree crown 
cover of 10–30%, with ‘tree‘ defined as a plant with the capability of growing to be more 
than 2 to 5 m tall (UNFCCC 2002). The most recent report shows that Australia has 147.4 
million ha of native forest mostly dominated by eucalypts and acacias and around  2.0 
million ha of plantations (ABARE 2011). Together, forests cover about 19% of the continent 
and represent about 4% of the world’s forests. The current distribution of tree species in 
Australia is the outcome of the interaction of several factors with one of the main ones 
being the ability to survive periodic bushfires (Boland et al. 2006). 
Fire-prone Australian forests are represented by three main vegetation types: dry 
sclerophyll forest, wet sclerophyll forest and woodlands (Boland et al. 2006). Dry 
sclerophyll forests have low rates of primary production and low rates of breakdown or 
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decomposition of highly flammable leaves. The overstorey canopy as well as many plants in 
the understorey shrub layer and the eucalypt bark are also highly combustible (Boland et 
al. 2006). Dry sclerophyll forests usually replace wet sclerophyll forest in areas where 
rainfall is less than 600 mm. Dry forests are also found in areas with higher rainfall but only 
where soil has low nutrient availability or is too shallow to retain adequate moisture 
(Turnbull 1997; Boland et al. 2006). Shrubs or grasses form the understorey of both forest 
types depending on fire regime, canopy openness, soil and rainfall (Boland et al. 2006). 
Woodlands typically have an open canopy, composed of different species of Eucalyptus and 
have an understorey dominated by grasses and forbs and occasionally with shrubs (Benson 
and Howell 2002; Hill et al. 2005).  
Gould et al. (2007a) divided forest fuels into two categories: the ‘surface stratum’ 
encompassing litter, near-surface and elevated fuel layers and the ‘canopy stratum’ 
encompassing the intermediate and overstorey canopy layers (each layer is detailed in 
Section 2.2.3). Litter fuels consist of fallen leaves, bark and twigs that are usually layered 
horizontally and represent the majority of the fuel consumed by fire on a weight basis 
(Sullivan et al. 2012). These fuels are responsible for the greatest proportion of the energy 
released by fire during a forest burn (Whelan 1995; Gould et al. 2011). Near surface-fuels 
correspond to grasses, shrubs, creepers and collapsed understorey and suspended material 
such as bark and twigs shed by overstorey trees (Gould et al. 2011). Elevated fuel includes 
shrubs and young trees that compose the midstorey strata. The density and height of 
elevated fuel dictates some characteristics of fire behaviour, especially flame height. Bark 
fuel is directly associated with the trees that compose the intermediate and overstorey 
strata and is a key factor in ember production and spotting (Sullivan et al. 2012). Eucalypt 
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bark fuel can have an important role in fire spread by contributing to spot fires away from 
the original fire (Sullivan et al. 2012).  
 
1.6.3. Shrubland 
The Mediterranean climate is situated between the parallels 30 and 40 North and 
South and can be found in five regions around the world: the Mediterranean Basin, 
California, central Chile, South Africa and south-western and southern Australia (Di Castri 
et al. 1981). These regions are mostly dominated by evergreen shrublands and heathlands 
(Arroyo and Maranon 1990). They are characterised by the presence of evergreen woody 
sclerophyllous shrubs with an occasional overstorey of small trees and a herbaceous 
understorey (Di Castri et al. 1981; Arroyo and Maranon 1990; Grooves 1991; Rambal 
2001).  
In Australia, shrublands occurs in a variety of climates and develop a vertically 
uniform but spatially discontinuous fuel complex (Parsons 1994). Most studies of fire 
behaviour in Australian shrubland have been done in mallee-heath (Bradstock and Gill 
1993; McCaw 1997; Cruz et al. 2010). This vegetation type occupies approximately 270 000 
km2, it is composed mainly of multi-stemmed eucalypts and is found in areas with less than 
300–350 mm annual rainfall (Cruz et al. 2010; Sullivan et al. 2012). The vegetation 
structure of shrubland promotes fire behaviour where a small change in fire spread can 
lead to large changes in fire behaviour (Catchpole 2002; Cruz et al. 2010). Dead fine fuel 
from tussock and hummock grasses can carry fire through the near surface layer 
(Bradstock et al. 2002; Sullivan et al. 2012). In non-mallee-heath shrublands, the elevated 
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fuel layer is composed mainly of species from the genera Banksia, Leptospermum, Hakea 
and Dryandra, and there may be a large amount of suspended bark hanging from the stems. 
This layer is important for fire behaviour of Australian shrublands as it contains a 
substantial proportion of dead fine fuel and live fuel that contains volatile terpene 
compounds capable of forming a highly flammable ‘ladder’ for a surface fire to move into 
the canopy (Cruz et al. 2010).  
 
1.7. Fire behaviour 
Fire behaviour is defined as the way in which a fire develops in response to factors in 
the environment related to fuel, weather and topography (Whelan 1995). Fire intensity, 
rate of spread and flame dimensions are the principal aspects related to fire behaviour 
(more details are provided in Chapter 5) and each of these aspects are influenced by the 
others making fires a very complex and dynamic phenomena (Whelan 1995). For example, 
flame height during fire and post-fire scorch height can be related to the fire intensity for 
some vegetation communities such as eucalypt forest in Australia (Luke and McArthur 
1978) and pine forest in North America (Wagner 1973). 
Fuel type, quantity, arrangement and moisture content are all attributes that can 
affect fire behaviour. The quantity of fuel is defined as the amount of surface fuel on or near 
the ground and the amount of bark and elevated fuel above the ground (including shrubs 
and suspended materials) and is usually measured in small areas and scaled up to t ha-1 
(Whelan 1995). The arrangement and distribution of fuel is also important for determining 
fire behaviour. A continuous loose fuel layer allows fire to move faster through it than in a 
compacted or discontinuous fuel bed (Whelan 1995). Most of the fire models in Australia 
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currently underestimate fuel complexity and arrangement (Gould et al. 2007a; Cruz et al. 
(2010). However, Gould et al. (2007a) proposed that the fuel complex should be looked at 
as being two separate layers; a lower stratum encompassing litter, near-surface and 
elevated fuel layers, and the canopy stratum encompassing the intermediate and 
overstorey canopy layers. This change in perspective has provided a more accurate fire 
behaviour model in comparison to the classic McArthur model when predictions have been 
applied to real fires. 
The dead fine fuel and air moisture also have an important influence on each other 
and on fire behaviour overall. Luke and McArthur (1978) defined fine fuel as all vegetation, 
living or dead, measuring 6 mm in diameter or less. Fine fuel is responsible for maintaining 
the flame front of a fire. In contrast, heavy fuels, such as logs, requires combustion of fine 
fuel (Whelan 1995). The moisture content of fuel is the amount of moisture expressed as 
the percentage of its dry weight (Sullivan et al. 2012). The moisture content of fuel affects 
how intensely a fire will burn. For example, for dead fine fuels, the moisture content is 
related to how dry the season has been and in the absence of rain, moisture content is 
governed by the dryness of the surrounding air or the relative humidity (Whelan 1995; 
Cheney et al. 1998; Catchpole 2002b; Matthews 2010; Matthews et al. 2010). 
 
1.7.1. Rate of spread and fire intensity 
Rate of spread describes how quickly the edge of a fire is moving, usually it is given 
in m h-1 or m s-1 (Whelan 1995). Rate of spread is the primary output of most fire behaviour 
models and there is an extensive literature of models used to predict fire spreading 
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through different vegetation types (Sullivan 2009a). Peet (1965) and McArthur (1962, 
1967) defined the rate of spread of fire (ROS) as being directly proportional to the fine fuel 
load (<6 mm diameter) consumed (w) and expressed as a linear relation where a is their 
defined constant (these relationships are explained in depth in Chapter 5): 
ROS = aw [1.1] 
McArthur (1962, 1967) proposed that the amount of fuel available on the forest floor 
is one of the most important variables affecting rate of spread. However, this relationship is 
weak and only exists during small fires in very specific fuel types (Gould et al. 2013). It has 
been shown that factors other than fuel load are more influential. Rate of spread varies 
around the fire and is faster at the downwind edge known as head of the fire or fire front. It 
also depends on weather (Fons 1946; Cheney et al. 1993; Gill et al. 1996; Cheney and 
Sullivan 2008), fuel attributes other than load (Fang and Steward 1969; Burrows et al. 
1991; McAlpine 1995; Cheney et al. 1998; Burrows 1999; Gould et al. 2007a) and 
topography (Whelan 1995). 
Fire intensity (kW m-1) is the energy released per unit length of fire front. 
Calculation of fire intensity includes the amount of fuel being consumed and the rate of 
spread (Luke and McArthur 1978) using the equation developed by Byram (1959): 
I = H w ROS  
 
[1.2] 
where H is the heat yield of the fuel, w is the load of the consumed fuel (kg m-2) and ROS is 
the rate of spread of the head fire (m s-1). 
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Fire intensity and total energy released per unit area are two of the most important 
variables estimated from a fire. The tolerance of heat in living cells/organisms is associated 
with these two variables and they also correlate with other factors such as scorch height of 
vegetation (Rothermel and Deeming 1980; Whelan 1995). 
 
1.7.2. Flame dimension and definitions 
Parameters such flame length, height, depth and angle define the flame dimension. 
Whelan (1995) and Keeley (2009) highlighted the difficulties of measuring components of 
fire intensity in the field and showed that the flame dimensions can be related to many 
aspects of fire intensity. 
Flame length is defined as the length of a flame measured along its axis at the fire 
front; the distance between the flame height tip and the midpoint of the flame depth at the 
ground surface (Figure 1.1). Flame length is often used as an approximate indicator of fire 
front intensity. Flame height is the average maximum vertical extension of flames at the fire 
front. Flame depth is the width of the zone within which continuous flaming occurs behind 
the edge of a fire front. Flame angle is the angle formed between the flame at the fire front 
and the ground surface, expressed in degrees (Merrill and Alexander 1987), but all flame 
dimensions may be expressed as the angle between the flames and vertical (Figure 1.1). 
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Figure 1. 1. Flame length (L), height (H), depth (D) and angle (ɵ) (adapted from 
Cheney and Sullivan 2008). 
 
 
1.8. Influence of native Australian fuels on fire behaviour 
1.8.1. Grassland fire behaviour 
Grasses are classified as fine fuels and are characterised by having a high surface 
area-to-volume-ratio, high thermal conductivity, low density, vertical orientation and 
continuous distribution (Sullivan et al. 2012). Grassfires burn relatively quickly with a 
rapid rate of combustion, a high rate of spread and with a characteristically rapid response 
to wind changes (Cheney and Sullivan 2008). The average flame height of fires in savannah 
grasslands are between 0.8–2.8 m (Frost and Robertson 1987) and average residence times 
(average time with visible flames) of flames are 5–15 s (Cheney and Sullivan 2008). Fire 
intensities for savannah fires in Australia can vary from 100–18 000 kW m-1 depending on 
ɵ 
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the wind speed and fuel moisture (Griffin and Friedel 1984; Morgan 1999). Similar values 
for fire intensity have been recorded for fires in savannahs in Africa and Brazil (Frost and 
Robertson 1987; Miranda et al. 1996). 
The rate of spread of grassfires under extreme weather conditions can vary from 15 
km h-1 to more than 30 km h-1 (Noble 1991, Cheney et al. 1998, Sullivan 2010), and is 
influenced by the curing state of the fuel. Morgan (1999), working in tussock grassland 
vegetation of western Victoria, found a positive correlation between fire intensity and rate 
of forward spread, but no correlation between rate of spread and fuel load as predicted by 
McArthur (1967). In addition, a continuous layer of grass that is less than 50% cured does 
not sustain a fire and results in a patchy burn (Cheney et al. 1993; Cheney et al. 1998; 
Cheney and Sullivan 2008). If the rate of spread for grassfire is modeled according to 
moisture content and wind speed, the minimum threshold for a fire to be maintained is 
approximately 20% fuel moisture content and a wind speed of 10 km h-1 (Cheney et al. 
1998). 
 
1.8.2. Forest fire behaviour 
In forests, the near surface fuel is the principal fuel layer responsible for the rate of 
spread of fire (Gould et al. 2007a). There may be an increase in rate of spread in older fuels, 
but in most cases, surface fuel load is the only attribute that is available to quantify this 
effect. In older fuels, it is thought that other fuel layers such as near-surface and elevated 
fuels are more important in determining rate of spread than surface fuel alone (Gould et al. 
2007a). In addition, bark fuel plays an important role in rate of spread due to spotting 
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potential. The rate of spread of fire in forest can be directly related to wind speed 
measured at 5 m in the forest above a threshold wind speed of about 1 m s-1 (Gould et al. 
2007a). Although rate of spread is weakly related to fuel load it can be directly related to 
attributes of the surface fuel bed and the understorey fuel layer.  
In forest fires, fire intensity is influenced by fuel moisture content. The relationship 
between quantity of available fuel and moisture level and the rate of combustion are 
determinant aspects to the fire intensity (Sneeuwjagt and Peet 1985). Increased fire 
intensities are often a combination of high fuel levels and low fuel moisture (Cheney 1981; 
Sneeuwjagt and Peet 1985; Burrows 1994; Smith et al. 2004). An increase in fire intensity 
is indicated by an increase in flame height and heat output (Whelan 1995; Smith et al. 
2004). Heat yield (H) for eucalypt forests can be as high as 18 600 kJ kg-1 (Byram 1959) but 
fire intensities can range from low (less than 350 kW m-1) to high (350–3500 kW m-1) to 
very high (3500–5000 kW m-1) to extreme (greater than 5000 kW m-1; (Cheney 1981; Gill 
and Catling 2002). The combustion of coarse woody debris contributes mainly to total 
energy output and rate of heat release (Byram 1959; Rothermel and Deeming 1980). The 
ability to accurately predict consumption of coarse woody fuel is important because this 
fuel is readily available during a fire and information for Australian southern eucalypt 
forest fires is still limited (Hollis et al. 2010). 
 
1.8.3. Shrubland fire behaviour 
Fire behaviour in shrubland or mallee-heath is characterised by rapid changes due 
to a strong dependency on weather conditions which can change the ability of fire to 
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overcome fuel gaps and move between fuel strata (Sullivan et al. 2012). Fuel moisture of 
dead fine fuels has been described as the principal variable influencing fire continuity in 
mallee-heath (Cruz et al. 2010). Along with moisture content of dead fine fuel, wind speed 
and fuel cover are very important variables for determining fire spread in mallee-heath. 
Strong winds are necessary to tilt the flames forward, pre-heating and igniting fuel 
(Sullivan et al. 2012). 
The horizontal and vertical discontinuities that characterise the mallee-heath fuel 
complex prompt unexpected changes in fire spread. In low intensity fires, the flames travel 
on the litter and near-surface fuels and fire spread can slow or cease due 
absence/discontinuity of fuel. If enough fuel is present and the wind conditions are 
suitable, fire intensity increases and the flame front gradually evolves and is determined by 
elevated fuels and the overstorey canopy (Cruz et al. 2010; Peterson et al. 2011). 
Despite wide variation in structure, floristic composition and environmental 
conditions amongst mallee-heath communities, fire intensities can vary from 9–35 MW m-1 
(Keith et al. 2002). The forward rate of spread can vary from 0.33–2.08 m s-1 but the 
minimum threshold for a crown fire to occur in this type of fuel is a forward rate of spread 
greater than 0.4 m s-1 and a fire intensity greater than 8.5 MW m-1 (McCaw 1997). Different 
approaches to modelling fire spread in mallee-heath vegetation have been developed 
although none are broad enough to be applicable for general use (McCaw 1997; Cruz et al. 
2010; Sullivan et al. 2012). 
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1.8.4. Influence of invasive plants on fire behaviour 
Plant invasion and fire can significantly change ecosystems (Fisher et al. 2009). Fire 
influences and is influenced by plant community composition and structure resulting in a 
complex relationship between fire behaviour and weeds (Mandle et al. 2011). Invasion by 
exotic grasses has been shown to cause an increase in fire frequency (D’Antonio and 
Vitousek 1992; Balch et al. 2013). For example, the density of Pompom Weed 
(Campuloclinium macrocephalum), an invasive forb in grasslands in South Africa, increased 
with increasing fire frequency (Goodall et al. 2011). The long-term interaction of fire with 
weed invasion can change ecosystems from savanna to shrubland (Walther et al. 2009), 
grassy woodland to shrub-dominated woodland (Watson et al. 2009) and shrubland to 
woodland (Keeley 2011).  
Differences in growth rate, architecture and ecophysiological characteristics among 
invasive and native vegetation can alter fire regimes and produce significant changes in the 
balance of carbon, nutrient levels and the water cycle (D'Antonio and Vitousek 1992; Pyšek 
et al. 2009). As such, many studies have reported changes in the biogeochemical cycles at a 
range of scales due to the presence of invasive plants (D'Antonio and Vitousek 1992; Hobbs 
and Huenneke 1992; Rew and Johnson 2010; Allen et al. 2011; Mandle et al. 2011). 
There are a number of characteristics of weeds that can influence fire behaviour or 
modify fire frequency in weed-invaded areas. These include increased biomass 
accumulation through high primary productivity and shedding of leaves and branches that 
increase the fuel load (Brooks et al. 2004; Balch et al. 2013), increased flammability due to 
oils that facilitate ignition of plant material (Allen 2008), and structural changes in the 
vertical distribution of fuels (Pauchard et al. 2008). The impact of Lantana (Lantana 
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camara) on fire behaviour in an Australian rainforest has been attributed to two primary 
mechanisms by which this species can alter the incidence of fire (Berry et al. 2011). The 
first mechanism is related to the introduction of a flammable material to a generally non-
flammable ecosystem. The second mechanism is a change in fire occurrence by increasing 
the availability of fuel. For this species, alteration of fire behaviour is more likely to be due 
to a change in the fuel bed (facilitating fire intensity and spread) instead of by increasing 
biomass ignitability. Conversely, there may be a decrease in fire risk due to low surface 
area-to-volume ratio of weed biomass resulting in greater moisture retention (Grace 1998), 
fuel compression that leads to suppression of fire due to lack of oxygen (Van Wilgen and 
Richardson 1985), and alteration of the understorey layer due to shading caused by 
invasive trees (Brooks et al. 2004). Mandle et al. (2011) recently reviewed the major 
studies involving woody weeds and alteration of fire regimes. Of the 16 woody species 
identified in this study, eight species were found to increase fire frequency or fire intensity; 
five species decreased aspects of the fire regime and three species had mixed effects. 
The effects of woody weeds on fuel load and structure, fire regimes and intensity 
remains poorly understood, particularly in an Australian context (Mandle et al. 2011). The 
introduction of weeds into an ecosystem requires new models to be developed or, more 
realistically, existing fire behaviour models to be adapted to incorporate different fuel 
types. Several studies have quantified fire behaviour in weed-invaded areas but most of 
these have been in grassland (Floyd 1966; D'Antonio and Vitousek 1992; Briese 1996; Fine 
2002; Brooks et al. 2004; Stohlgren and Schnase 2006; Pauchard et al. 2008; Burrows et al. 
2009; Cohn et al. 2011). Although invasion by herbaceous species and the mechanisms by 
which they change fire behaviour are beginning to be understood, the same is not true for 
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woody weed species. In this thesis, aspects of change in fire behaviour due to woody weed 
invasion in forest ecosystems in south eastern Australia are investigated. 
 
1.9. Modelling fire behaviour 
The term “model” is used in numerous ways in predictions of fire behaviour creating 
confusion between fire managers, the scientific community and the general public 
(Harrington 2005). Hence, it is important to first clarify these different usages. According to 
Harrington (2005) some characterisations of forest fuels have been called fuel models. 
These “models” are profiles or sets of information about surface fuels that provide inputs to 
mathematical models of fire spread. Fuel models form a subset of approaches to 
characterising fuels and for the purpose of forest fire and fuels management simulation, the 
term fuels characterization is becoming the dominant terminology (Graham et al. 2004; 
Harrington 2005). Mathematical models were developed to predict fire spread in studies 
such as Rothermel (1972) and Van Wagner (1977). The term “model” can also be used for 
fire behaviour models. In this case it is used to refer to computer simulations based upon 
mathematical models that predict spread and intensity and show an interpretable graphic 
form (Harrington 2005). In this thesis, both ‘fuel models’ and ‘mathematical models’ will be 
used in fire behaviour predictions. 
Measuring and modelling fire behaviour began in the early 1930s and today there is 
a continuum of approaches ranging from physical and quasi-physical models and empirical 
and quasi-empirical models to simulation and mathematical analogous models to measure 
and predict fires (Sullivan 2009b). Sullivan (2009a; b) reviewed the most important 
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models in this continuum and concluded that a combination of the best attributes of the 
various approaches employed will lead to more usable models and prediction systems. 
 
1.9.1. Development of fire behaviour and danger models in Australia 
A fire danger rating system is defined as a managing system that incorporates the 
aspects of particular fire danger factors into qualitative numerical indices of current 
protection needs (Chandler et al. 1983,). Although fire behaviour is an important part of 
fire danger systems, the classification of fire danger takes in account other factors such as 
potential for ignition, fire spread and damage.  
The most widely used prediction systems in eastern Australia are the McArthur 
Forest Fire Danger Rating System and the McArthur Grassland Fire Danger Rating System, 
both of which were developed by Alan McArthur in the 1960s (McArthur 1966, 1967). In 
Western Australia, fire behaviour is predicted using estimates of fuel detailed in Forest Fire 
Behaviour Tables (Sneeuwjagt and Peet 1985). 
Luke and McArthur (1978) divided fuel type into two categories – grass and forest – 
and determined the rate of spread for representative samples of each fuel type. During the 
development of the Forest Fire Danger Meter, fire behaviour was based on single fires 
burning under commercial eucalypt forests (Luke and McArthur 1978; Gould et al. 2011). 
The metrics (meters) for estimating fire danger in grassland and forest vegetation types 
allowed the prediction of the expected rate of spread and the difficulty of containment over 
a large area (McArthur 1966, 1967; Cheney et al. 1998; Cheney and Sullivan 2008).  
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Most of the fire models and guides for fire spread in eucalypt forests were 
developed by correlating fire behaviour from small experimental fires and opportunistic 
observation of bushfires when fuel and weather parameters could be collected (McArthur 
1962; McArthur 1973; Gould et al. 2007a). These models use a directly proportional 
relationship between rate of fire spread and fuel load. As a result, they predict that a 50% 
reduction in fuel load will halve the rate of spread but will reduce the fireline intensity 
fourfold (Cheney and Gould 1996; Fernandes and Botelho 2003). More recent studies (e.g. 
Gould et al. 2007b; McCaw et al. 2008; Zylstra 2011) propose alternative approaches such 
as fuel structure rather than fuel load to evaluate fire danger. 
Burrows (1994) suggested that the models created by McArthur can under predict 
fire behaviour when there are severe weather conditions. Proof of this was provided by 
McCaw et al. (2008) when predictions from the Forest Fire Danger Meter, the Forest Fire 
Behaviour Tables, the fire spread model of Burrows (1999) and data acquired from Project 
Vesta (Gould et al. 2007a) were compared. Fires were shown to spread two to three times 
faster than predicted by the Forest Fire Danger Meter and Forest Fire Behaviour Tables 
models, and up to five times faster than predicted by the spread model of Burrows (1999) 
under severe weather conditions.  
Recently, Gould et al. (2007a) documented the fuel characteristics, fire behaviour 
and rate of spread for dry eucalypt forest and introduced a new concept of how the fuel 
complex determines fire behaviour. These authors report that the increase in rate of spread 
of fire with increase in fuel load as demonstrated by McArthur (1967) in fuels of different 
ages might not be exclusively related to fuel load. Instead, a range of structural factors such 
as height, composition, continuity and greenness changes as fuel re-accumulates after fire. 
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The model proposed for Project Vesta (Gould et al. 2007a; Cheney et al. 2012) established 
relationships between fire spread and fuel of different age and indentified fuel 
characteristics which could be correlated with forward spread. The fuel structure, fuel 
moisture, fire behaviour and wind speed were combined in the model to generate more 
accurate predictions. Cruz et al. (2010) working in mallee-heath shrubland identified many 
distinct characteristics related to rate of spread and fire behaviour. Similar characteristics 
in other vegetation types such as woodlands and weed-invaded areas need to be better 
described and modelled. 
 
1.9.2. Describing fuels in Australia – hazard scores 
For many years, fire authorities, fire scientists and land managers have been 
developing systems to describe fuels and predict fire behaviour in Australian vegetation. 
Early attempts involved meters created by McArthur (1962; 1967) and (Peet 1965). Recent 
advances to assess factors affecting fire behaviour and suppression difficulty have used 
new approaches to assess fuel (Gould et al. 2011) and these are described below. 
Visual fuel hazard rating systems have gained attention from the scientific 
community during the last 15 years (Cheney et al. 1992; Wilson 1992; Tolhurst et al. 1996; 
McCarthy et al. 1999; Gould et al. 2007b; Hines et al. 2010). A fuel hazard scoring approach 
assesses different fuel layers by evaluating percentage cover and the fuel hazard in each 
following the concepts of Cheney et al. (1992), Wilson (1992) or Tolhurst et al. (1996). 
Gould et al. (2007a) described five fuel layers for most Australian forests: (1) overstorey 
tree canopy layer, (2) intermediate tree and canopy layer, (3) elevated fuel layer, (4) near-
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surface fuel layer, and (5) surface fuel layer. These layers can be broadly identified by 
height and by changes in the bulk density, continuity and amount of live material (Gould et 
al. 2011). The percent cover score (PCS) and fuel hazard score (FHS), represent a 
subjective assessment of the flammability of each layer and are described in depth in 
Section 2.2.3.  
Gould et al. (2011) advocated that systems that stratify forest fuels into different 
layers and visually score their attributes are robust, reliable and easy to use. In their 
opinion, the hazard score of different fuel strata can exhibit patterns of change with time 
after fire that reflects fuel accumulation. When combined with weather variables, visual 
hazard scoring systems can be used to predict rate of spread, fire intensity and other fire 
behaviour techniques (Gould et al. 2011). Although hazard score classification systems are 
beginning to be used by the scientific community and fire managers in general, Watson et 
al. (2012) showed that the subjective nature of the measurements can lead to inconsistency 
in the results and affect firefighting safety and effectiveness. 
 
1.9.3. Describing fuels in Canada – characteristic fuel types  
In Canada, the Canadian Forest Fire Danger Rating System (CFFDRS) is widely used 
(Van Nest and Alexander 1999). The CFFDRS has two major subsystems. One has been used 
throughout Canada since the 1970s and provides numerical ratings of relative fire potential 
for standard fuel types on level terrain based only on weather observations. This 
subsystem is called The Canadian Forest Fire Weather Index (FWI). The second subsystem 
is the Canadian Forest Fire Behaviour Prediction (FBP). This subsystem detects variability 
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in fire behaviour amongst fuel types for a given slope incline in quantitative and descriptive 
terms based on certain FWI system components as inputs (Van Nest and Alexander 1999). 
The FBP system predicts the rate of spread, fuel consumption and fire intensity of 
fires using some inputs from the FWI system. The organisation of fuels types in the FBP 
system divide them into two major groups based on readily available inputs. At present, the 
FBP system can be applied to 16 different fuel types and aims to provide inputs for the 
prediction of fire behaviour (De Groot 1993; Alexander et al. 1996; Hirsch 1996). The fuel 
types in the FBP are described in a qualitatively way, using terms that describes stand 
structure and composition, surface and ladder fuels and the forest cover and organic layer 
(FCSSDD 1992). Fire managers are required to select the fuel type that best suits the 
particular situation they are considering. Together with the inputs from the FWI system, 
the FBP system gives quantitative estimative of head fire spread rate, fire intensity, type of 
fire, and elliptical fire area, perimeter, and perimeter growth rate. These data can be easily 
accessed in the field from tables or computer software although a simplified method of 
assessment is provided in a field guide (FCSSDD 1992; Van Nest and Alexander 1999).      
    
1.9.4. Describing fuels in the United States – fuel models and biomass photo series  
Several methodologies have been developed in the United States to distinguish 
surface fuels and to provide data for mathematical models that suits the dominant forest 
types (Harrington 2005). Burgan and Rothermel (1984) demonstrated that to build a fuel 
model it is necessary to describe the vegetation as a fuel complex rather than precisely 
measuring its biomass, although both are related. The fuel complex is defined as the load 
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and arrangement of fuel in an ecosystem and is conventionally divided into three layers: 
ground fuels, surface fuels and canopy (Clar and Chatten 1954; Harrington 2005). 
Brown (1974) and Brown et al. (1982) described traditional inventory 
methodologies that estimate fuel load by weight per area unit in five components of the 
surface fuel layer: litter, herbaceous cover, downed woody debris, shrubs and tree 
regeneration. A major part of fire behaviour prediction systems used in the United States 
need fuel inputs to be represented by fuel models. Characteristics of fuel components can 
be described using many different variables, including heat content, mineral content and 
density, although the most common variable used for different applications is fuel loading 
or biomass per area unit (Pyne 1984; Keane 2013). The quantification of some of these 
components is seasonally sensitive and because of fuel heterogeneity, this kind of data 
collection can be difficult and time consuming (Harrington 2005). 
In the United States, data collection in complex fuel types requires the use of 
different methods best suited to the fuel component (i.e. grass, shrubs, litter and slash). For 
example, the collection of data for surface fuel is difficult and time consuming and has led 
to the development of standardised fuel models to save resources (Anderson 1982; 
Harrington 2005). These models were developed by Frank Albini in 1976 and were 
originally called Northern Forest Fire Laboratory fuel models. However, after the 
development of a visual key and the widespread use amongst fire managers and authorities 
they started being recognised as “Anderson’s 13 fuel models”. The visual key involved a 
series of photos used as a guide for estimating surface fuel loads. Each photo series 
represents a particular forest type and a visual comparison is used to approximate the fuel 
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load present in the forest to estimate the inputs that will be used to predict fire behaviour 
(Harrington 2005). 
Although Anderson’s 13 fuel models have been widely used by land managers for 
many years, they only consider the surface fuel layer and do not describe ladder or canopy 
fuels (Harrington 2005). Sandberg et al. (2001) found that the Anderson’s 13 fuel model 
did not correlate with actual fuel loadings, vegetation cover, remote-sensing signatures or 
modelled ecosystem dynamics. Many modellers have used the Anderson’s 13 fuel model to 
infer variables that could not be correctly predicted thus generating large approximation 
errors. However, a growing need for a more robust way to assign fuel loading has started 
efforts to create a more comprehensive fuelbed classification system. Within the last 10 
years, a fuel characteristic classification (FCC) system that potentially provides a better fuel 
characterisation than Anderson’s 13 fuel models has been developed (Ottmar et al. 2003). 
The FCC system is based on fuel bed descriptions to predict the kind of fuel most likely to 
be present and the quality and relative abundance of the fuel (Sandberg et al. 2001). 
The FCC design permits users to select fuelbed descriptions or to modify existing 
ones to customise a new fuel bed. When users have their qualitative and quantitative 
fuelbed data, the FCC generates quantitative fuel characteristics such as physical, chemical 
and structural properties and probable fire parameters specific to the fuelbed in question. 
The FCC has not yet been incorporated into current simulation programs and currently all 
FCC classes are assigned to one of Anderson’s 13 fuel models (Harrington 2005). 
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1.10. Predicting fire behaviour – BehavePlus and Rothermel models 
Fire and land managers make use of a range of computer models to enhance their 
capacity for fire behaviour predictions. Fire behaviour simulations are generated by these 
models and different models are used to address different problems. Predictions of fire 
behaviour for new fuel types such as areas invaded by woody weeds can be done either 
through building a new empirical model or using descriptive characteristics of the new fuel 
type as inputs to pre-existing physical models. Prediction of fire behaviour in a novel fuel 
type generally rules out the use of empirical models due to a lack of suitable field data and 
the time and effort required collecting this data. Of the physical models currently in use 
(Weber 1991; Forbes 1997; Grishin 1997; Linn and Harlow 1997; Dupuy and Larini 2000; 
Morvan and Larini 2001; Asensio and Ferragut 2002; Séro-Guillaume and Margerit 2002; 
Zhou et al. 2005; Mell et al. 2007), only the BehavePlus model is able to deal with novel fuel 
types to offer outputs comparable with the models currently used to predict fire behaviour 
in Australian fuels across different fuel types. 
Rothermel and Deeming (1972) first developed a mathematical model to estimate 
the rate at which a fire can spread through a homogenous fuel bed containing fuel particles 
of mixed size. The theoretical basis for the fire spread model was first developed by 
Frandsen (1971, 1973) with notable improvements by Rothermel (1972) and Albini 
(1976). The resulting model has been used to predict certain aspects of fire behaviour with 
a fair degree of accuracy based on correlations between scorch height, fireline intensity, 
heat per area unit, flame length and rate of spread (Burgan and Rothermel 1984). 
Consequently, this model is still used in fire behavior software such as BehavePlus and 
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other prediction systems to estimate the rate of spread of fire through complex fuels 
(Andrews 2013).  
The BehavePlus system is a series of interactive fire behaviour computer programs 
for estimating wildland fire potential under different fuels, weather and topographic 
situations (Burgan and Rothermel 1984). All mathematical models used by the BehavePlus 
model requires a full description of the fuel properties as inputs to calculations of fire 
danger indices or fire behavior potential and are an important tool to manage fires for a 
vast range of activities and objectives (Sullivan 2009a; b). 
 
1.11. Aims 
 This study aimed to investigate the interaction of fire and invasive plant species in 
forests and woodlands of eastern Australia by comparing biotic and abiotic features of 
pristine and invaded ecosystems. The alteration of fuel load and the vertical and horizontal 
distribution of fuel biomass in woodlands invaded by woody weeds were assessed in two 
case studies. The first case study considered invasion of African Olive (Olea europaea ssp. 
cuspidata) in woodlands in New South Wales (NSW). Data was compiled to build a model to 
predict fire behaviour in this novel fuel type. The second case study aimed to investigate 
differences in fuel structure and load among sites invaded by Cootamundra Wattle (Acacia 
baileyana), a native invasive species, and native woodland in the Australian Capital 
Territory (ACT). In both case studies, the flammability of the woody weed was compared to 
vegetation from the surrounding native woodland to enhance understanding of fire 
behaviour in different vegetation types and to highlight potential differences in 
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flammability between native and non-native weeds. Following this same line of 
investigation, the relationships among flammability, leaf morphology and plant chemistry 
of a range of invasive and native woody plants were explored. 
Using the data acquired from field and laboratory analyses we aimed to build and 
test a fuel model to predict the fire behaviour in areas invaded by African Olive. Fire 
predictions outputs were compared with outputs from models currently in use by 
Australian fire authorities. Such comparisons allowed assessment of the main differences 
among fire behaviour prediction models. 
Overall, the aim of this research was to provide high quality information capable of 
improving the current management of weeds and fire in forests and woodlands in eastern 
Australia. 
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2. Impact of invasive African Olive (Olea europea ssp. cuspidata) on 
fuel load and structure in Cumberland Plain Woodland 
 
2.1. Introduction 
Plant invasions and fire can significantly change ecosystems (Fisher et al. 2009; 
Pyšek et al. 2012). Fuel can be defined as any burnable living and dead vegetation that may 
be consumed in the passage of a fire (Whelan 1995; Cochrane and Ryan 2009). Hence, the 
vegetation comprising a plant community provides the materials needed for fire. Fire 
influences and is influenced by plant community composition and structure resulting in 
complex relationships between fire behaviour and vegetation (Mandle et al. 2011). With 
the presence of weed species, these relationships may well change (Balch et al. 2013). 
 There are a number of characteristics of invasive plants that can influence fire 
behaviour or modify fire frequency in invaded areas. These include altering biomass 
accumulation through primary productivity differing from the native vegetation, shedding 
of leaves and branches that change the fuel load (Brooks et al. 2004), changes in rates of 
degradation and decomposition of shed material, changed flammability due to chemical 
composition that influences the ignition of plant material (Behm et al. 2004; Gill and Zylstra 
2005) and structural changes in the vertical distribution of fuels (Pauchard et al. 2008; 
Berry et al. 2011). 
The effects of woody weeds on fuel load and structure, fire regimes and intensity is 
poorly understood (Mandle et al. 2011). Several studies have quantified fire behaviour in 
invaded areas but most of these studies have been in grassland (Floyd 1966; D'Antonio and 
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Vitousek 1992; Briese 1996; Fine 2002; Brooks et al. 2004; Stohlgren and Schnase 2006; 
Pauchard et al. 2008; Burrows et al. 2009; Cohn et al. 2011). Although invasion by 
herbaceous weed species and the ways in which they change fire behaviour are beginning 
to be understood, the same is not true for woody weed species. Brooks et al. (2004) 
reviewed the mechanisms by which invasive plants alter fire regimes. Invasive plants can 
alter both intrinsic (moisture content of plant tissue and chemical composition of plant 
tissue) and extrinsic (fuel loads, fuel continuity and fuel packing ratio) fuel properties 
(Brooks et al. 2004). However, few studies have looked at how these plants alter fuel 
structure, load and flammability, particularly in an Australian context. Berry et al. (2011) 
working in dry rainforests of Australia have shown that invasion by Lantana camara shifts 
the distribution of available fuels closer to the ground and provides a more continuous fuel 
layer in the understorey. Similarly, in coastal areas of northern Australia invaded by the 
shrub Mimosa pigra, the vegetation was dramatically altered in terms of fuel structure 
(Braithwaite et al. 1989). 
The number of plant species introduced to Australia since European settlement is 
estimated to be about 25 000 (Groves 2002), with around 2700 non-native species 
registered as being naturalised (Groves et al. 2003). About 30% of these species represent 
a major threat to native plants including endangered and endemic flora (Groves et al. 
2003). An unknown number are woody species grow in landscapes where fire is a regular 
disturbance and, at present, the effect of these species on fire behaviour remains largely 
unknown. 
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2.1.2 The invasive species African Olive (Olea europea ssp. cuspidata) and Cumberland 
Plain Woodland 
African Olive (Olea europea ssp. cuspidata) was introduced from southern Africa to 
eastern Australia in the mid-19th century (Besnard et al. 2007), mainly as a hedge plant and 
rootstock for cultivated olives (NSW Scientific Committee 2010). It is now a well-
established invasive plant in western and north western (e.g. Hunter Valley) regions of 
New South Wales (NSW) and in many other areas in South Australia and the Australian 
Capital Territory (Government of South Australia 2001; Cuneo and Leishman 2006; NSW 
Scientific Committee 2010). The seeds are spread by birds (Paton et al. 1988; Mladovan 
1998) and have high viability, at least when the seed is young (Cuneo and Leishman 2012). 
In NSW, the African Olive is a declared noxious weed in 11 local government areas and has 
been declared as a key threatening process under the NSW Threatened Species Conservation 
Act 1995 (Cuneo and Leishman 2012; NSW Scientific Committee 2014). The control and 
management of African Olive is now needed in many conservation areas in NSW (Cuneo et 
al. 2009; NSW Scientific Committee 2010). 
In areas that have been completely invaded, African Olive is a small to medium tree 
with a dense crown that prevents light reaching the understorey and consequently restricts 
the recruitment and growth of native plants (Cuneo and Leishman 2006; Cuneo and 
Leishman 2012). The invasion process takes place at a much slower rate than for most 
other weeds (Government of South Australia 2001). Seeds of African Olive have a resistant 
endocarp and endogenous dormancy making them slow to germinate (Rinaldi 2000), but 
this feature provides them the ability to remain in the soil seed bank for long periods (von 
Richter et al. 2005). Plants may require 5–10 years before they begin to produce fruit, 
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however, individuals can live for many years and retain the ability to regenerate from 
stumps after felling or burning (Government of South Australia 2001). African Olive can 
form a climax vegetation that will dominate neighbouring vegetation unless management 
action takes place (Government of South Australia 2001; Cuneo and Leishman 2012). 
Cumberland Plain Woodland originally covered an area of approximately 125 000 
ha in the Sydney area, but due to extensive clearing has been reduced to about 10% of its 
original extent (Benson and Howell 2002). The small remaining fragments are threatened 
by changes in the fire regimes and invasion by exotic plants (Benson et al. 1990; Benson 
and Howell 2002; Cuneo and Leishman 2012). Consequently, it has been declared a 
Critically Endangered Ecological Community under the NSW Threatened Species 
Conservation Act 1995 and the Commonwealth Environmental Protection and Biodiversity 
Conservation Act 1999 (NSW National Parks and Wildlife Service 2002; Hill et al. 2005). It is 
composed mainly of open eucalypt woodland with an understorey dominated by grasses, 
forbs and scattered shrubs (Hill 2004; Hill et al. 2005). Understorey plants require high 
light incidence and specific environmental conditions for germination and subsequent 
growth (Benson and Howell 2002). The ecological effects of invasion of African Olive, 
including the disruption of light caused by the dense canopy cover, have recently been 
demonstrated by Cuneo and Leishman (2012). Although there have been several other 
studies of the impact of African Olive in Cumberland Plain Woodland (Cuneo and Leishman 
2006; Cuneo et al. 2009; Cuneo and Leishman 2012), they have had an ecological focus and 
none of them have investigated the impact of this species on the fuel structure and 
flammability of this vegetation type.  
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The aim of this study was to determine the effect of invasion by African Olive on the 
load and structure of fuels in three types of vegetation: pristine Cumberland Plain 
Woodland (CPW), grassland in the initial stages of invasion (II) between 0 and 7 years of 
invasion, and long-term invasion (LI) with mature stands of African Olive from which all 
native vegetation has been displaced (15+ years of invasion). The flammability of fuels in 
the three areas was also investigated. To assess the differences among vegetation types the 
following research questions were formulated: 
1. What are the differences amongst the fine fuel load and structure of mature 
stands of African Olive, Cumberland Plain Woodland and areas of initial invasion? 
2. Is the flammability of African Olive different from vegetation in pristine 
Cumberland Plain Woodland and areas of initial invasion? 
3. Does invasion by African Olive present a higher fire hazard to human 
communities and assets close to invaded sites? 
In addition, to gain an understanding of the residence time of dead fine fuel, 
decomposition trials in each of the vegetation types were included. A combination of 
physical, chemical, and biological processes drive interactions among leaf litter from 
different species during decomposition (Graça et al. 2005). Mixing leaves from species with 
differing resource quality and leaf structure changes the chemical environment and 
physically alters the total litter surface where decomposition is occurring (Gartner and 
Cardon 2004). 
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2.2. Materials and methods 
2.2.1. Study site 
The Australian Botanic Garden, Mount Annan (34° 4'11.46"S, 150°46'1.82"E) 
located 56 km south west of Sydney (hereafter referred to as ‘Mt Annan’) was selected 
because of the long-term presence of African Olive trees and its proximity to remnant 
patches of Cumberland Plain Woodland (Cuneo et al. 2009). The general area including 
Mount Annan is composed of undulating plains and hills up to 300 m above sea level, 
dominated by fine textured clay yellow podzolic soils (Office of Environment and Heritage, 
2014). The annual rainfall ranges from 600 to 922 mm and the climate is temperate (Cuneo 
et al. 2009). During the study period (2011–2013), the annual mean minimum temperature 
was 10.4 °C and the annual mean maximum temperature was 23.6 °C. Mean monthly 
rainfall is highest between February and March (approximately 95 mm) and lowest in 
September (approximately 43 mm) 
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Figure 2. 1. Mean rainfall and temperature for 2011, 2012 and 2013 for Campbelltown 
weather station, NSW, 34.07°S, 150.82°E (Data obtained from Bureau of Meteorology - 
http://www.bom.gov.au/climate/data/stations/). 
 
  
Mt Annan contains a small area of CPW which is managed due to its high 
conservation value (von Richter et al. 2005). Cumberland Plain Woodland is characterised 
by an open canopy composed of various species of Eucalyptus (e.g. Eucalyptus moluccana, E. 
crebra, E. tereticornis) and a grassy understorey with occasional shrubs, forbs and native 
grasses (e.g. Bursaria spinosa, Themeda australis, Chloris ventricosa, Poa labillardieri) 
(Benson 1992; Benson and Howell 2002; von Richter et al. 2005). Remnants of CPW at 
Mount Annan total about 10 ha and although it is considered to be well preserved, it has a 
history of partial clearing, grazing by domestic stock, and some localised cultivation and 
pasture improvement (Office of Environment and Heritage 2014). 
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2.2.2. Sampling design  
Within Mt Annan, three areas were selected representing two invasion stages: initial 
invasion (II; 0-7 years of invasion) and long-term invasion (LI; 15+ years) as defined by 
Cuneo and Leishman (2006), and an area of remnant CPW (Figure 2.2). In each vegetation 
type, 50 × 50 m plots (n = 3) were established to investigate the fuel complex. Areas of 
long-term invasion (LI) have been infested with African Olive for about 15–20 years and 
represented an advanced stage of environmental degradation (see Cuneo and Leishman 
2006). In areas of initial invasion (II), it is still possible to identify elements of the original 
vegetation (e.g. native grasses and shrubs, sapling eucalypts) amongst young African Olive 
trees and seedlings. 
Three parallel transects of 50 m were established in each plot; two transects located 
5 m away from the edges of the plot and one transect through the middle (i.e. at 25 m). For 
each transect there were 11 observation points spaced at 5 m intervals where the pin point 
intersect method was used (see below). To measure fuel hazard score, percentage cover 
score and fuel depth, five circles of 5 m radius were used at distances of 5, 15, 25, 35 and 45 
m along each transect. Two quadrats of 1 × 1 m were randomly located along each transect 
to assess fine fuel biomass. 
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Figure 2. 2. Details of the three vegetation types used: 
(a) initial invasion (II) , (b) long-term invasion by African 
Olive (LI) and Cumberland Plain Woodland (CPW) in the 
Australian Botanic Garden, Mount Annan. Yellow arrows 
in (a) indicate young individuals of African Olive. 
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2.2.3. Measurement of fuel 
Fuel architecture: pin point intersect method  
 The pin point intersect method (Canfield 1941) was used to determine fuel layer 
and stratum cover and height, gap fraction and gap size distribution. This method is 
commonly used to characterise horizontal fuel continuity, specifically gap size relative to 
fuel volume, as it is a feature that determines the likelihood that a flame front will self-
sustain (Burrows et al. 2009). At each observation point a 2 m height pole was positioned 
vertically. The pole was marked to subdivide it into layers: 0–20, 20–50, 50–100, 100–150 
and 150–200 cm above ground. For each observation point and layer, the number of times 
that ‘live’ and ‘dead’ fine fuel (any vegetation under 6 mm thickness) touched the pole was 
recorded. The live fine fuel was further classified as live grass, twigs, leaves and herbs. 
Dead fine fuel was classified as a single fuel type. 
 
Fine fuel load and fuel moisture: destructive sampling method 
Destructive sampling of the fuel was done using a 1 m2 quadrat following an 
adaptation of the methodology used by Gould et al. (2007a). Two randomly located 
quadrats were established along each transect and the fine fuel (<6 mm thickness) in each 
layer was collected (litter, 0–20, 20-50, 50–100, 100–150, 150–200 cm heights), sorted 
according to state (live and dead) and weighed in the field with a digital scale to 0.01 g.  
To measure fuel moisture content, live and dead samples were bulked separately in 
two height ranges, from 0–50 cm (low) and from 50–200 cm (high). After bulking the 
samples, subsamples were weighed using a field scale to 0.01 g. These subsamples were 
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stored in paper bags and oven-dried for 48 h at 100 °C and re-weighed. The fuel moisture 
(%) of each sample was calculated as: 
 
      
     
  
 
[2.1] 
 
where Wm is the fresh mass (g) and Dm is the dry mass (g). An average value for fuel 
moisture was calculated for height and state (live and dead) for each vegetation type and 
used to calculate the fine fuel biomass. 
 
Visual scoring system  
At regularly spaced points along each transect (i.e. 5, 15, 25, 35 and 45 m), a visual 
measurement of the hazard scoring system developed by Gould et al. (2007a) (hereafter 
described as the ‘Vesta scoring system’) was used to characterise fuel layers by estimating 
cover and hazard scores. The Vesta scoring system relies on visual estimation of aspects of 
vegetation such as cover, height and the proportion of dead material in different fuel layers.  
Gould et al. (Gould et al. 2007a; Gould et al. 2011) identified five fuel layers that can 
be associated with fire behaviour. These layers can be broadly identified by change in bulk 
density and the following definitions were used as a guide in this study: 
1. “Overstorey tree and canopy layer – dominant and co-dominant trees forming the 
uppermost canopy layer of the forest. Trees are pole size (diameter at breast height 
over bark-dbhob 15–45 cm) or greater. The flammability of this layer depends 
primarily on the bark characteristics of the overstorey tree species, and the height 
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and density of the forest. The bark type of different species can have a large impact 
on the rate of surface fuel accretion, transfer of a surface fire into the canopy and 
on the generation of firebrands. In this study the results for Fuel Hazard Score of 
the overstorey tree and canopy layer are represented as Bark and the Percentage 
Cover Score is represented as Canopy. 
2. Intermediate tree and canopy layer – shorter trees with crowns either below or 
extending into lower part of the forest canopy. These may be immature individuals 
of overstorey species or species of intermediate stature that form a distinct layer 
beneath the co-dominants of the overstorey (e.g. Allocasuarina spp., Banksia spp.). 
Patches of eucalypt regrowth in the open or around scattered dominants may be 
classed as intermediate until they reach pole size. The intermediate tree layer can 
add a significant amount of bark fuel, and act as ladder fuel that carries fire into 
the overstorey canopy. 
3. Elevated fuel layer – tall shrubs and other understorey plants without significant 
suspended material. This layer may include regeneration of the overstorey species 
intermixed with shrubs. Individual fuel components generally have an upright 
orientation, and include live and dead material. 
4. Near-surface fuel layer – grasses, low shrubs, creepers, and collapsed understorey 
usually containing suspended leaf, twig and bark material from the overstorey 
vegetation. The height of this layer can vary from just centimetres to over a metre 
above the ground. Fuel layer components typically have a mixed orientation 
ranging from horizontal to vertical, and the layer is capable of suspending leaves, 
twigs and bark above the ground. 
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5. Surface fuel layer – leaves, twigs and bark of overstorey and understorey plants. 
Fuel components are generally horizontally layered. This layer usually makes up 
the bulk of the fuel consumed and provides most of the energy released by a fire. 
Surface fuel burns by both flaming and smouldering combustion, and determines 
the flame depth of a surface fire. The duff layer of decomposed litter fuel is absent 
in most dry eucalypt forests.” (Gould et al. 2011, p. 17–19). 
 
The overall fuel hazard was rated using a categorical score from 0 to 4 based on 
visual assessment of the percent cover score (PCS) and the fuel hazard score (FHS) for each 
of the five fuel layers according to Gould et al. (2011). At each point used for visual scoring 
of fuel load, litter depth and heights of near surface and elevated fuel layers were measured 
using a ruler or tape measure according to the method of McCarthy et al. (1999). 
 
2.2.4. Soil sampling  
 Five soil samples were collected at two depths (0–5 and 5–10 cm) along each 
transect using a steel core (5 cm diameter × 10 cm depth) with a bevelled edge and a small 
diameter auger. Soils were sieved to 4 mm and 2 mm in the field to remove rocks and 
debris. For each depth, the samples were bulked and a composite sample representing each 
transect was formed. This generated three samples per plot and nine soil samples per 
vegetation type. The samples were stored in sealable plastic bags at <5 °C until further 
analysis. An additional soil core (0–10 cm) was taken in each plot and kept intact for 
determination of soil bulk density. 
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 Soil pH was measured in water suspension (1:2; soil:H2O) using a pH meter (pH 
Cube, TPS, Australia). Fresh soil (approximately 7.5 g) was mixed with 15 ml of deionised 
water and shaken on a wheel rotator for 15 min. Samples were allowed to settle for 15 min 
before measurement. Intact soil cores were weighed while fresh then dried to constant 
weight at 105 °C and values were used to calculate bulk density and gravimetric water 
content (Loveday 1974). The bulk density (BD) and gravimetric water content (WCg) are 
calculated as: 
 
BD (g cm-3) = Mass of dry soil (g)/ Volume of core (cm3) [2.2] 
  
WCg (g g-1) = Mass of wet soil – Mass of dry soil (g)/ Mass of dry soil (g) [2.3] 
 
Soil samples were oven dried at 105 °C until constant weight and ground to a fine 
powder in a mortar grinder (MZ1000, RETSCH, Germany) and analysed for total carbon 
(%C) and nitrogen (%N) by dry combustion (Elementar Vario Max CNS Analysensysteme 
GmbH, Hanau, Germany).  
 
2.2.5 Decomposition experiment 
Leaf litter from two vegetation types (CPW and LI) was collected from the surface 
fuel layer. This material was sieved to 2 mm to remove soil and debris associated with its 
collection, air-dried at room temperature and stored in a humidity-controlled environment 
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until required. The common agricultural legume, Lucerne (Medicago sativa) was chosen as 
an alternative litter type and was obtained from a local commercial supplier. Litter bags 
were made by sewing together two pieces (15 × 15 cm squares) of 70% nylon shadecloth 
on three sides with cotton thread. Additional bags (Control) with no contents were sewn 
together on four sides. Portions of leaf litter and Lucerne were weighed (approximately 5 
g) and distributed equally inside the litter bags to form a continuous layer and an 
aluminium label was added for identification. Litter bags were closed on the open side with 
aluminium staples. 
Litter bags containing each of four litter treatments (African Olive leaves (referred 
to as ‘African Olive’), eucalypt leaves (referred to as ‘Eucalyptus’), 50% of each of these two 
litter types (referred to as ‘Mix’) and stalks and leaves of Lucerne (referred to as ‘Lucerne’) 
and empty bags (referred to as ‘Control’) were placed in the three vegetation types (CPW, II 
and LI). At each location (n = 3), there were three time point replicates (n = 3) of each of 
the three treatment/Control (n = 5). The bags were sampled at the beginning of the 
decomposition experiment (t = 0), and 6 months (t = 6), 12 months (t = 12) and 17 months 
(t = 17). For each time point, there were five replicates of each treatment/Control (total 
number of litter bags = 225). To minimise soil disturbance and to simulate decomposition 
conditions in the surface fuel layer, litter bags were placed on the surface of the soil or litter 
and anchored at one corner using an aluminum tent peg (Fig. 2.3). Litter bags were 
grouped together with one replicate from each treatment and a Control.  
 At each sampling time, the litter bags were collected, taken to the laboratory and 
any adhering dirt or litter was carefully brushed off. The contents of each litter bag were 
removed and re-bagged in paper bags to prevent loss of litter fragments, air-dried at room 
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temperature and weighed. The samples were ground to a fine powder in a mortar grinder 
(MZ1000, RETSCH, Germany) and analysed for total carbon (%C) and nitrogen (%N) by dry 
combustion (Elementar Vario Max CNS Analysensysteme GmbH, Hanau, Germany). 
 
  
Figure 2. 3. An example of the arrangement and positioning of decomposition 
bags at the Australian Botanical Garden, Mount Annan. 
 
The decomposition constant (k) was calculated from a first-order exponential decay 
equation (Olson 1963; Harmon et al. 1999): 
 
       
      [2.4] 
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where Mt is litter mass at time t and M0 is litter mass at time 0. Rearranged, Equation 2.4 
can also be expressed as a log-linear equation: 
 
  (
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[2.5] 
  
Or to obtain the value k: 
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[2.6] 
 
 
2.2.6. Assessment of fuel flammability 
 Flammability was assessed using a mass-loss calorimeter (MLC; Fire Testing 
Technology; UK). The MLC consists of a conical heater capable of producing radiative fluxes 
between 10 and 100 kW m-2 and a load cell to measure the change in mass of a sample over 
time. The cone heater and load cell are contained within a stainless steel enclosure, which 
is supplied with compressed air at a flow rate of 140 L min-1. A 60 cm stainless steel 
chimney on top of the enclosure contains thermocouples that are calibrated using high 
purity (99%) methane gas (BOC Ltd, North Ryde, NSW, Australia) to quantify heat release 
as described in the standard ISO 13927 (ISO, 2001). In the MLC, a sample holder (10 ×10 × 
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5 cm) with a porosity of 27% was used to allow diffusion of air through the fuel samples 
(Possell and Bell 2013). 
 After measuring the fuel moisture associated with destructive sampling (see 
Section 2.2.3), a sub-sample from each fuel layer per transect was combusted. This 
generated nine samples from each layer (litter, dead low, dead high, live low and live high) 
per vegetation type and a total of 45 samples per vegetation type. The weight of each 
sample varied according to the fuel type. The fuel samples were trimmed to fit the holder to 
uniformly cover the exposed surface area and sample thickness was maintained at 5 cm. 
Burns were done using an irradiance of 25 kW m-2 and a 10 kV spark igniter was used to 
provide piloted ignition. Cruz et al. (2011) and Silvani et al. (2009) indicate that irradiances 
of 25 kW m-2 are achievable during a natural fire at the fire front and can remain high for 
some time once the front has passed. This period of time is comparable to the length of 
time each burn was conducted (200 to 600 s). Heat rate release (HRR; kW m-2) and mass 
loss rate (MLR; g s-1) were recorded at 1 Hz and the time-to-ignition (TTI; s) and flame 
duration (FD; s) was recorded manually. The average effective heat of flaming combustion 
(AEHC; MJ kg-1) was calculated as the total heat release divided by the mass loss (MLCCalc; 
Fire Testing Technology, UK). 
Outputs from the MLC were related to the components of flammability (see Chapter 
1) as defined by Anderson (1970) and Martin et al. (1994). Ignitability was determined by 
measuring the time-to-ignition; sustainability was assessed from the duration of flaming 
combustion; combustibility was considered to be equivalent to the mass-loss rate (burning 
rate) and; consumability was regarded as the residual mass fraction of the material burnt. 
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2.2.7. Statistical analyses 
The amount and structure of fuel in the three vegetation types (vegetation 
architecture; CPW, II and LI) was compared using one-way ANOVA with Tukey’s Honest 
Significant Difference (HSD) post-hoc tests. The point intersect data was square root 
transformed and (i.e. the number of touches in each layer and the total number of touches 
amongst vegetation types) were compared for each fuel class (live fine fuel: grass, 
twigs/leaves and herbs, and dead fine fuel) amongst vegetation types for each individual 
layers separately. Values for fine fuel biomass collected during destructive sampling were 
log-transformed to normalise the data prior to one-way ANOVA. Fuel depth and soil 
properties were compared amongst vegetation types within each layer using one-way 
ANOVA with Tukey’s HSD tests. Values derived from the visual scoring system (i.e. overall 
FHS, and FHS and PCS for the five fuel layers (overstorey tree and canopy; intermediate 
tree and canopy; elevated; near surface and surface) were compared using one-way ANOVA 
with Tukey’s HSD tests. 
The proportion mass loss (%ML), change in the total carbon (%C), change in total 
nitrogen (%N), change in C:N and decomposition constant (k) were modelled separately. 
The overall effect of time for each treatment was tested using Repeated measures (RM) 
ANOVA with a Mauchly’s test of Sphericity. Greenhouse-Geisser and Huynh-Feldt 
correction factors were applied when the sphericity assumption was not achieved. A 
Tukey’s HSD post-hoc test was used in all cases. Differences among treatments within one 
time point were tested using one-way ANOVA combined with Tukey’s HSD tests. 
Data for each flammability component (HRR, MLR, TTI, FD) were compared by using 
one-way ANOVA with Tukey’s HSD tests. In order to meet the criteria for using one-way 
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ANOVA test the values of TTI and FD were log-transformed and the MLR was arc sin-
transformed. All statistical analyses were conducted in the software SPSS version 22. 
 
2.3. Results 
2.3.1. Fuel architecture 
The arrangement of the fuel differed considerably among the three vegetation types, 
at least in the lower fuel layers. Areas with long-term invasion by African Olive (LI) had a 
significantly smaller number of total touches than Cumberland Plain Woodland (CPW; one-
way ANOVA, Tukey’s HSD test; P = 0.015; Table 2.1) and areas representing initial invasion 
by African Olive (II; P <0.001). In the layer represented by 0–20 cm, II had a significantly 
greater total number of touches than CPW (one-way ANOVA, Tukey’s HSD test; P = 0.003) 
and LI (P <0.001). The layer represented by 20–50 cm, II had a significantly greater total 
amount of touches than CPW and LI (one-way ANOVA, Tukey’s HSD test; P <0.001), and LI 
had significantly fewer touches than CPW (P = 0.032). For the fuel layer represented by 50–
100 cm, the total number of touches for II was greater than for CPW (one-way ANOVA, 
Tukey’s HSD test; P <0.001) and LI (P = 0.016), and there was no significant difference 
between CPW and LI (P = 0.497). At 100–150 cm, the total number of touches for LI was 
not statistically different when compared to II (one-way ANOVA, Tukey’s HSD test; P = 
0.977) but both were statistically larger than CPW (P = 0.006 and P = 0.003, respectively).  
For the fuel layer represented by 150–200 cm, the total number of touches for LI was 
greater than for II (one-way ANOVA, Tukey’s HSD; P = 0.003) and CPW (P <0.001). The 
total number of touches for CPW was statistically fewer than II (P <0.001; Table 2.1). 
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Table 2.1. Total number of touches (± standard 
deviation) in each fuel height layer (0–20, 20–50, 
50–100, 100–150, 150–200 cm and total) for three 
vegetation types (Cumberland Plain Woodland 
(CPW), initial invasion (II) and long-term African 
Olive invasion (LI)) at the Australian Botanical 
Garden, Mount Annan. Statistical comparisons 
(one-way ANOVA and post-hoc Tukey’s HSD tests) 
were made among vegetation types within each 
layer. Different letters represent significant 
statistical differences. 
 
Vegetation type 
Height (cm) CPW II LI 
150–200 2 ± 1a 34 ± 12b 40 ± 12c 
100–150 7 ± 3a 27 ± 10b 20 ± 7ab 
50–100 14 ± 3A 45 ± 9B 18 ± 5A 
20–50 30 ± 7A 127 ± 29B 7 ± 2C 
0–20 145 ± 26a 256 ± 54b 13 ± 3c 
Total 198 ± 17a 488 ± 34b 97 ± 7c 
 
 
  Most touches of fuel (73%) in Cumberland Plain Woodland areas occurred in the 
layer closest to the ground (0–20 cm; Table 2.2). In this layer, approximately 35% of the 
fuel was composed of live grass (LG), 40% was composed of dead fine fuel (DFF) and 
approximately 25% was composed of live herbs (H). There was no statistical differences 
between the number of touches of live grass and dead fine fuel (one-way ANOVA, Tukey’s 
HSD test; P = 0.984), however, live grass and dead fine fuel had a greater number of 
touches than live herbs (P <0.001 for both). 
Areas of initial invasion (II) had more than half of the touches (52%) of the fuel in 
the lowest layer from 0–20 cm, a quarter of touches (25%) in the 20–50 cm layer and an 
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even distribution shared between the other three height classes (Table 2.2). The lowest 
layer from 0–20 cm was dominated by dead fine fuel, with about half (51%) of the total 
number of touches. Live grass was the second most abundant fuel type representing 
around 30% of the fuel composition in this layer. Dead fine fuel had a significantly greater 
number of touches than live grass and live herbs at the bottom layer (one-way ANOVA, 
Tukey’s HSD test; P = 0.027 and P <0.001, respectively). The uppermost layers, 100–150 cm 
and 150–200 cm, were dominated by live twigs mostly due to branches from young 
individuals of African Olive (Table 2.2). 
Areas of long-term invasion by African Olive (LI) had a very different structure in 
terms of total number of touches for each layer when compared to the other two vegetation 
types. Areas invaded by African Olive had the greatest proportion of fuel distributed with 
the top three layers (i.e. from 50 to 200 cm) representing approximately 80% of the total 
number of touches. The two uppermost layers, 100–150 cm and 150–200 cm, were 
composed only of live twigs and dead fine fuel (mainly composed of dead twigs less than 5 
mm diameter thick). From 100–150 cm, dead fine fuel contributed the greatest proportion 
of the fuel (73% of touches) and was statistically different from live twigs (one-way 
ANOVA, Tukey’s HSD test; P <0.001). The uppermost layer, from 150–200 cm, was 
characterised by dead fine fuel (60% of touches) and live twigs (40%) with no statistical 
difference between these two components (one-way ANOVA, Tukey’s HSD test; P = 0.264). 
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Table 2.2. Total number of touches (mean ± standard deviation) of each class (live grass (LG), live herbs (H), live leaves and 
twigs (LTL) and dead fine fuel (DFF) in each fuel layer (0–20, 20–50, 50–100, 100–150, 150–200 cm) for three vegetation types 
(Cumberland Plain Woodland (CPW), initial invasion (II) and long-term African Olive invasion (LI) at the Australian Botanical 
Garden, Mount Annan. Statistical comparisons (one-way ANOVA and post-hoc Tukey’s HSD tests) were made among fuel types 
within the same height class and vegetation type. Different letters represent significant statistical differences. 
  Fuel and vegetation type 
  CPW  II  LI 
Fuel layer 
(cm) LG H LTL DFF 
 
LG H LTL DFF 
 
LG H LTL DFF 
150–200 0a 0a 1 ± 2a 1 ± 2a  0A 0A 26 ± 12B 7 ± 2A  0a 0a 16 ± 2b 24 ± 4a 
100–150 0a 0a 5 ± 6b 2 ± 2a  1 ± 1A 0A 21 ± 10B 6 ± 2A  0a 0a 5 ± 2b 14 ± 4a 
50–100 2 ± 3ab 0a 7 ± 3b 5 ± 2b  7 ± 10AB 1 ± 1A 22 ± 12B 15 ± 11B  0ab 0a 7 ± 4b 11 ± 3b 
20–50 9 ± 7bab 2 ± 1c 2 ± 1ac 17 ± 16b  40 ± 43A 9 ± 2B 9 ± 9B 69 ± 79A  0a 0b 3 ± 4b 4 ± 2a 
0–20 52 ± 21a 35 ± 4b 0c 58 ± 26a  75 ± 54A 48 ± 10B 1 ± 1B 131 ± 135C  0a 3 ± 1b 6 ± 2b 3 ± 3c 
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2.3.2. Fine fuel load 
There were no significant differences among total fine fuel biomass of the three 
vegetation types (Table 2.3). Areas of long-term invasion by African Olive (LI) had 
significantly greater dead fine fuel biomass than CPW or II (one-way ANOVA, Tukey’s 
HSD test; P = 0.010), however there was no significant difference in total dead fine fuel 
biomass between CPW and II (P = 0.555). When fine fuel biomass was compared 
according to layer and class (i.e. dead or live fuel), LI had a significantly greater amount 
of litter (one-way ANOVA, Tukey’s HSD test; P = 0.002) compared to both II and CPW. 
There were no significant differences in litter biomass between CPW and II (P = 0.049). 
Long-term invaded areas had significantly smaller total live biomass (one-way ANOVA, 
Tukey’s HSD test; P = 0.001) than CPW and there was no significant difference in total 
live biomass of LI compared to II (P = 1.000). The total live biomass in CPW was 
significantly smaller than II (one-way ANOVA, Tukey’s HSD test; P <0.001). 
    
  
6
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Table 2.3. Fine fuel biomass ((kg m-2); mean ± standard deviation) in classes (live, dead and total) and fuel height layer (litter, 0–20, 20–50, 50–100, 
100–150, 150–200 cm and total) for three vegetation types (Cumberland Plain Woodland (CPW), initial invasion (II) and long-term African Olive 
invasion (LI)) at the Australian Botanical Garden, Mount Annan. Statistical comparisons (one-way ANOVA and post-hoc Tukey’s HSD tests) were 
made among vegetation types within each layer. Different letters represent significant statistical differences among the logarithmic transformed 
data.  
 
Fuel and vegetation type 
 
Live fine fuel Dead fine fuel Total 
Fuel layer (cm) CPW II LI 
 
CPW II LI 
 
CPW II LI 
150–200 0.00 ± 0.00a 0.03 ± 0.03a 0.00 ± 0.00a 
 
0.00 ± 0.01a 0.00 ± 0.01a 0.04 ± 0.04a 
 
0.00 ± 0.00A 0.02 ± 0.03A 0.02 ± 0.03A 
100–150 0.00 ± 0.00a 0.03 ± 0.03a 0.00 ± 0.00a 
 
0.00 ± 0.01a 0.01 ± 0.01a 0.02 ± 0.03a 
 
0.00 ± 0.00A 0.02 ± 0.02A 0.01 ± 0.02A 
50–100 0.00 ± 0.00a 0.03 ± 0.03a 0.00 ± 0.00a 
 
0.00 ± 0.01a 0.01 ± 0.01a 0.01 ± 0.01a 
 
0.00 ± 0.01A 0.02 ± 0.02A 0.00 ± 0.01A 
20–50 0.00 ± 0.00a 0.02 ± 0.02a 0.00 ± 0.00a 
 
0.00 ± 0.01a 0.00 ± 0.00a 0.00 ± 0.00a 
 
0.00 ± 0.00A 0.01 ± 0.01A 0.00 ± 0.00A 
0–20 0.02 ± 0.02a  0.04 ± 0.04a 0.00 ± 0.01a 
 
0.05 ± 0.03a 0.03 ± 0.03a 0.00 ± 0.01a 
 
0.04 ± 0.03A 0.04 ± 0.03A 0.00 ± 0.00A 
Litter - - - 
 
0.43 ± 0.24a 0.33 ± 0.36a 0.73 ± 0.52b 
 
0.43 ± 0.25A 0.33 ± 0.36A 0.72 ± 0.52B 
Total 0.05 ± 0.01a  0.17 ± 0.03b 0.02 ± 0.00b  
 
0.51 ± 0.12a  0.41 ± 0.09a 0.83 ± 0.20b  
 
0.57 ± 0.07A  0.58 ± 0.06A  0.85± 0.12A 
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2.3.3. Visual scoring of fuel and fuel depth 
The three vegetation types had significantly different (one-way ANOVA, Tukey’s 
HSD test; P <0.001) fuel hazard scores (FHS) for the surface fuel layer (Table 2.4) with LI 
having the highest score, followed by CPW and II. For the near-surface fuel layer, LI had a 
significantly lower FHS (one-way ANOVA, Tukey’s HSD test; P <0.001) when compared 
with CPW and II. There was no statistical difference (one-way ANOVA, Tukey’s HSD test; 
P = 0.195) between CPW and II for the near-surface fuel layer. Long-term invaded sites had 
a significantly higher FHS (one-way ANOVA, Tukey’s HSD test; P <0.001) for the elevated 
fuel layer compared to CPW and II but there was no statistical difference between CPW and 
II for this fuel layer. The bark fuel of II was significantly lower (one-way ANOVA, Tukey’s 
HSD test; P <0.001) than LI and CPW and there was no statistical difference between CPW 
and II (P = 0.692). 
 
Table 2.4. Fuel hazard score (mean ± standard deviation) 
in each fuel layer (Surface, Near-surface, Elevated and Bark) 
for three different vegetation types (Cumberland Plain 
Woodland (CPW), initial invasion (II) and long-term African 
Olive invasion (LI)) at the Australian Botanical Garden, 
Mount Annan. Statistical comparisons were made among 
vegetation types within the same fuel layer. Different letters 
represent significant statistical differences. 
  Vegetation type 
Fuel layer CPW II LI 
Surface 2.0 ± 0.2a 1.2 ± 0.2b 3.2 ± 0.2c 
Near-surface 2.5 ± 0.3A 2.8 ± 1.4A 0.9 ± 0.2B 
Elevated 1.9 ± 0.2a 1.8 ± 0.5a 2.8 ± 0.6b 
Bark 2.4 ± 0.2A 0.4 ± 0.3B 2.3 ± 0.1A 
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The percentage cover score (PCS) also varied among fuel layers and between 
vegetation types. For the surface fuel layer, LI had a higher PCS than CPW (one-way 
ANOVA, Tukey’s HSD test; P = 0.018) and II (P <0.001), and CPW a greater PCS than II (P 
<0.001) in this layer. For the near surface layer, the PCS for LI was significantly smaller 
than CPW and II (one-way ANOVA, Tukey’s HSD test; P <0.001), but there was no difference 
between CPW and II (P = 345). For the elevated fuel layer, LI had a significantly greater PCS 
than CPW and II (one-way ANOVA, Tukey’s HSD test; P <0.001) and there was no statistical 
difference between CPW and II (P = 1.000). The PCS for the canopy layer was different 
amongst the three vegetation types (one-way ANOVA, Tukey’s HSD test; P = 0.001). 
 
Table 2.5. Percentage cover score (mean ± standard 
deviation) for each fuel layer (Surface, Near-surface, 
Elevated and Bark) for three vegetation types (Cumberland 
Plain Woodland (CPW), initial invasion (II) and long-term 
African Olive invasion (LI)) at the Australian Botanical 
Garden, Mount Annan. Statistical comparisons were made 
among vegetation types within the same fuel layer. 
Different letters represent significant statistical differences. 
  Vegetation type 
Fuel layer CPW II LI 
Surface 2.4 ± 0.3a 1.4 ± 0.5a 3.0 ± 0.7b 
Near-surface 2.7 ± 0.4A 3.0 ± 1.1A 1.3 ± 0.4B 
Elevated 1.9 ± 0.1a 1.9 ± 0.5a 2.8 ± 0.5b 
Canopy 2.2 ± 0.4a 0.5 ± 0.3b 3.9 ± 0.2c 
 
 
The depth of the surface fuel layer of LI was statistically greater than CPW and II 
(one-way ANOVA, Tukey’s HSD test; P <0.001). The height of near-surface fuel layer in CPW 
and LI was smaller than in II (one-way ANOVA, Tukey’s HSD test; P <0.001) mainly due to a 
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prominent grassy layer in II. The height of the elevated fuel layer in LI was statistically 
greater than in CPW (one-way ANOVA, Tukey’s HSD test; P = 0.036) and II (P = 0.011).  
 
 
Table 2.6. Fuel depth (mean ± standard deviation) for each fuel 
layer (Surface, Near-surface, Elevated and Canopy) in three 
vegetation types (Cumberland Plain Woodland (CPW), initial 
invasion areas (II) and long-term African Olive invasion (LI)) at the 
Australian Botanical Garden, Mount Annan. Statistical comparisons 
were made among fuel types within the same fuel layer. Different 
letters represent significant statistical differences. 
 
  Vegetation type 
Fuel layer LI II CPW 
Surface (mm) 22.9 ± 2.0a 6.9 ± 01.0b 13.6 ± 0.4c 
Near-surface (cm) 19.1 ± 5.0a 36.4 ± 14.8b 24.4 ± 5.4a 
Elevated (m) 2.8 ± 0.5a 2.0 ± 00.2b 1.9 ± 0.1b 
 
2.3.4. Soil composition 
 The soil pH was similar among all vegetation types (one-way ANOVA, Tukey’s HSD 
test; P >0.05; Table 2.7). Similarly, there was no statistical difference for total N and total C 
in the upper soil layer (0–5 cm depth) amongst the vegetation types. For the deeper layer 
(5–10 cm depth), total N of soil from CPW was statistically lower than both LI and II (one-
way ANOVA, Tukey’s HSD test; P <0.001 for both). Total C in soil from CPW was statistically 
lower than LI (one-way ANOVA, Tukey’s HSD test; P = 0.020) and II (P = 0.002). 
Consequently, Cumberland Plain Woodlands had a significantly higher C:N ratio than LI 
(one-way ANOVA, Tukey’s HSD test; P <0.014) and II (P <0.005). 
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Table 2.7. Bulk density, gravimetric water content, soil pH, total N, total C and C:N ratio 
(mean ± standard deviation) for three vegetation types (Cumberland Plain Woodland 
(CPW), initial invasion (II) and long-term African Olive invasion (LI)) at the Australian 
Botanical Garden, Mount Annan. Statistical comparisons were made among vegetation 
types. Different letters represent significant statistical differences. 
    Vegetation type 
 
  CPW II LI 
0
 t
o
 5
 c
m
  
Bulk density (g cm3)  0.11 ± 0.01 0.10 ± 0.04 0.10 ± 0.03 
Gravimetric water content (g g-1) 92.8 ± 17.2  91.4 ± 49.4 91.8 ± 30.3 
pH 5.8 ± 0.3a 6.0 ± 0.2a 6.5 ± 0.3a 
Total N (%) 0.37 ± 0.11a 0.38 ± 0.07a 0.42 ± 0.09a 
Total C (%) 5.42 ± 1.39A 5.03 ± 0.95A 5.61 ± 1.31A 
C:N ratio 14.6 ± 1.02a 13.1 ± 0.78b 13.3 ± 0.92b 
     
5
 t
o
 1
0
 c
m
  
Bulk density (g cm3) 0.14 ± 0.01 0.15 ± 0.05 0.16 ± 0.04 
Gravimetric water content (g g-1) 120.0 ± 31.5 134.3 ± 12.8 136.8 ± 17.7 
pH 5.7 ± 0.3a 6.0 ± 0.1a 6.1 ± 0.2a 
Total N (%) 0.18 ± 0.04a 0.30 ± 0.03b 0.28 ± 0.04b 
Total C (%) 2.88 ± 0.67A 4.07 ± 0.47B 3.81 ± 0.75B 
C:N ratio 15.4 ± 1.27a 13.1 ± 0.78b 13.3 ± 1.03b 
 
2.3.5. Decomposition experiment 
 Loss of mass 
The mass decay of the different treatments followed the same pattern of exponential 
decay in all vegetation types (Figure 2.4). Overall, after 6, 12 and 17 months of incubation, 
all of the litter bags retrieved from the field had lost some matter after each time period, 
regardless of treatment or vegetation type (RM ANOVA, Tukey’s HSD test; F = 546.1, P 
<0.001). There was a significant overall effect of time and treatment for LI (RM ANOVA, 
Tukey’s HSD test; F = 20.286, P <0.001), II (F = 20.758, P <0.001) and CPW (F = 6.028, P 
<0.001). 
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Change in total carbon and nitrogen 
The initial chemical composition of the four types of litter or plant material used is 
shown in Table 2.8. The C and N content of the four treatments at time 0 ranged from 40–
50% and 1–3%, respectively, with significant difference among all treatments (one-way 
ANOVA, Tukey’s HSD test; P <0.001). Treatments involving a mix of leaves (Mix) had the 
greatest proportion of total C with Lucerne having the lowest. Total N of the treatments 
showed the opposite pattern with Lucerne having the greatest proportion of N. This was 
also reflected in the C:N ratio. 
 
Table 2.8. Initial (t = 0) chemical composition of litter or plant material used in 
the four treatments. Data represent the mean ± standard deviation for five 
replicate analyses from bulked litter or plant material. Different letters 
represent significant statistical differences. 
Treatment Lucerne Eucalyptus African Olive Mix 
%N 2.72 ± 0.02a 1.61 ± 0.45b 0.99 ± 0.39c 1.30 ± 0.21d 
%C 41.55 ± 0.50A 47.78 ± 2.11B 47.09 ± 5.10C 49.09 ± 5.92D 
C:N 15.25 ± 01.30a 29.74 ± 11.14b 47.68 ± 11.18c 37.71 ± 0.57d 
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Figure 2. 4. Mass loss (%) of four treatments (Lucerne, Eucalyptus, 
African Olive and Mix) after 6, 12 and 17 months of incubation in 
(a) Cumberland Plain Woodland (CPW), (b) initial invasion (II) and 
(c) long-term African Olive invasion (LI) at the Australian Botanic 
Garden, Mount Annan. The control bags maintained their weight 
over time and are not included. 
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After 6 months of incubation, the C content of the treatments ranged between 40 
and 50% for all the vegetation types (Table 2.9). Overall, there was no statistical difference 
in total C among treatments in LI and CPW (one-way ANOVA, Tukey’s HSD test; P >0.05). 
Treatments from II were statistically different with African Olive litter having a smaller 
proportion of total C than Eucalyptus (one-way ANOVA, Tukey’s HSD test; P <0.001) and 
Mix (P = 0.011) treatments. Eucalyptus litter had a greater proportion of C than Mix (one-
way ANOVA, Tukey’s HSD test; P = 0.006) and Lucerne (P = 0.010). 
After 12 months of incubation, the C content of treatments in LI showed significant 
differences. The total C of Eucalyptus litter was significantly greater than Lucerne, African 
Olive and Mix (one-way ANOVA, Tukey’s HSD test; P <0.001 for all comparisons). Overall, 
the treatments from II and CPW showed no significant difference in total C (one-way 
ANOVA, Tukey’, HSD test; P >0.05) after 12 months of incubation indicating stabilisation in 
C loss. Similar patterns were found after 17 months incubation and the C content of all 
treatments in the three vegetation types was still between 40 and 50%.  
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Table 2.9. Carbon content (%, mean ± standard deviation) of four decomposition 
treatments (Lucerne, Eucalyptus, African Olive and Mix) after 6, 12 and 17 months of 
incubation for three vegetation types (Cumberland Plain Woodland (CPW), initial 
invasion (II) and long-term African Olive invasion (LI)) at the Australian Botanical 
Garden, Mount Annan. Different letters represent significant statistical differences. 
The comparisons were made within one vegetation type at each time between 
treatments. 
    Incubation time (months) 
Vegetation type Treatment 6 12 17 
CPW 
Lucerne 42.93 ± 3.84a0 46.23 ± 1.79a- 41.87 ± 7.83ab 
Eucalyptus 48.12 ± 3.31a0 48.58 ± 2.07a- 46.05 ± 5.83c- 
African Olive 42.16 ± 3.35a0 42.88 ± 1.36a- 43.47 ± 1.43a- 
Mix 45.11 ± 3.29a0 44.62 ± 2.50a- 43.97 ± 2.49b- 
     
II 
Lucerne 42.78 ± 3.75AB 46.27 ± 1.72a- 41.71 ± 7.75a-
Eucalyptus 46.07 ± 4.18C0 48.56 ± 2.06a- 45.74 ± 5.51a- 
African Olive 41.50 ± 3.47A0 43.08 ± 1.38a- 43.53 ± 1.50a- 
Mix 44.76 ± 3.17B0 45.61 ± 1.61a- 43.53 ± 1.93 a- 
     
LI 
Lucerne 42.24 ± 3.41a0 46.21 ± 1.71A 41.93 ± 7.92a-
Eucalyptus 44.52 ± 3.36a0 49.40 ± 0.88B 46.16 ± 4.87a- 
African Olive 40.13 ± 2.73a0 42.76 ± 1.22C 44.40 ± 2.70a- 
Mix 43.75 ± 3.11a0 44.98 ± 1.41AC 43.52 ± 1.92a- 
 
 
At time 0 there was an overall significant difference in total N (Table 2.10) of 
treatments in LI and II (one-way ANOVA, Tukey’s HSD test; P <0.001 for both) but not in 
CPW (P = 0.415). Overall, after 6 months of incubation, total N of Eucalyptus litter was 
greater than all other treatments (one-way ANOVA, Tukey’s HSD test; P <0.05) and 
independent of vegetation type. The African Olive treatment tended to have the smallest 
amount of N in all vegetation types. 
The decomposition bags retrieved from the LI and II areas after 12 months of 
incubation showed a similar pattern among treatments to that found after 6 months with 
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an overall enrichment in N. This enrichment was not evident for CPW and the Eucalyptus 
treatment still had the highest total N (one-way ANOVA, Tukey’s HSD; P <0.05). After 17 
months of incubation, total N of all decomposed plant material ranged between 1.8 and 
2.2% across all treatments and vegetation types and no statistical differences were found 
(one-way ANOVA, Tukey’s HSD test; P >0.05). 
 
Table 2.10. Nitrogen content (%) of four different decomposition 
treatments (Lucerne, Eucalyptus, African Olive and Mix) after 6, 12 and 17 
months of incubation for three vegetation types (Cumberland Plain 
Woodland (CPW), initial invasion (II) and long-term African Olive invasion 
(LI)) at the Australian Botanical Garden, Mount Annan. Different letters 
represent significant statistical differences. The comparisons were made 
within one vegetation type at each time between treatments. 
    Incubation time (months) 
Vegetation type Treatment 6 12 17 
CPW 
Lucerne 1.68 ± 0.34ab 1.79 ± 0.27a- 2.21 ± 0.45a 
Eucalypt 1.94 ± 0.17a- 2.07 ± 0.14a- 1.88 ± 0.17b 
Olive 1.19 ± 0.67ab 1.81 ± 0.04ab 2.00 ± 0.23a 
Mix 1.76 ± 0.18ab 2.04 ± 0.06ab 1.97 ± 0.09a 
 
    
II 
Lucerne 1.66 ± 0.35AB 1.70 ± 0.16a- 2.20 ± 0.44a
Eucalypt 1.83 ± 0.25B- 2.10 ± 0.13a- 1.85 ± 0.12a 
Olive 1.49 ± 0.07A- 1.81 ± 0.04a- 1.91 ± 0.08a 
Mix 1.72 ± 0.16B- 2.01 ± 0.12a- 1.97 ± 0.09a 
     
LI 
Lucerne 1.54 ± 0.16ab 1.66 ± 0.12A- 2.16 ± 0.43a
Eucalypt 1.76 ± 0.20b- 2.02 ± 0.09B- 1.91 ± 0.17a 
Olive 1.45 ± 0.07a- 1.84 ± 0.06AB 1.99 ± 0.11a 
Mix 1.69 ± 0.14ab 1.96 ± 0.13B- 2.01 ± 0.17a 
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Change in C:N ratio in litter 
The changes in total C and N can be integrated and expressed as changes in C:N ratio 
(Table 2.11). Overall, there was a significant effect of incubation time on C:N ratio for LI 
(RM ANOVA, Tukey’s HSD test; F = 968.1, P <0.001), II (F = 221.9, P <0.001) and CPW areas 
(F = 13.8, P = 0.002). After 6 months of incubation, the treatments in II showed statistically 
significant differences with the African Olive treatment having a higher C:N ratio than the 
Eucalyptus (one-way ANOVA, Tukey’s HSD test; P = 0.039) and Mix treatments (one-way 
ANOVA, Tukey’s HSD test; P = 0.041). No differences were found between treatments with 
African Olive and Lucerne (one-way ANOVA, Tukey’s HSD test; P = 0.224), Mix and Lucerne 
(P = 0.735) and Eucalyptus and Lucerne (P = 0.724). Overall in LI, the Lucerne treatment 
was statistically different from the other treatments after 12 and 17 months of incubation 
in II and LI (one-way ANOVA, Tukey’s HSD test; P <0.05). 
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Table 2.11. C:N ratio of four decomposition treatments (Lucerne, Eucalyptus, African 
Olive and Mix) after 6, 12 and 17 months of incubation for three vegetation types 
(Cumberland Plain Woodland (CPW), initial invasion (II) and long-term African Olive 
invasion (LI)) at the Australian Botanical Garden, Mount Annan. Different letters 
represent significant statistical differences within one vegetation type at each time 
among treatments. 
    Incubation time (months) 
Vegetation type Treatment 6 12 17 
CPW 
Lucerne 26.01 ± 3.40a- 26.25 ± 4.05a 18.99 ± 0.91a- 
Eucalypt 24.85 ± 0.97a- 23.6 ± 2.52a 24.41 ± 1.23a- 
Olive 27.94 ± 2.03a- 23.65 ± 0.75a 21.89 ± 2.34a- 
Mix 25.85 ± 3.42a- 21.86 ± 0.76a 22.27 ± 0.86a- 
 
    
II 
Lucerne 26.39 ± 3.60AB 27.42 ± 2.32a 19.04 ± 0.90a-
Eucalypt 25.27 ± 1.43B- 23.29 ± 2.41a 24.66 ± 1.35a- 
Olive 27.94 ± 2.03B- 23.74 ± 0.77a 22.82 ± 1.42a- 
Mix 26.15 ± 3.34B- 22.74 ± 1.63a 22.11 ± 0.58a- 
     
LI 
Lucerne 27.57 ± 1.69a- 27.90 ± 1.83A 19.51 ± 1.47a-
Eucalypt 25.40 ± 1.32a- 24.55 ± 1.40B 24.20 ± 1.56b- 
Olive 27.66 ± 1.86a- 23.29 ± 0.89B 22.29 ± 0.89b- 
Mix 26.10 ± 3.36a- 23.06 ± 1.71B 21.75 ± 1.12ab 
 
 Decomposition constant 
The decomposition constant k (years-1) was calculated for each treatment within 
each fuel type (Table 2.12). There was no significant difference (one-way ANOVA, Tukey’s 
HSD test; P >0.05) of k values among different vegetation types indicating that regardless of 
where the decomposition bags were placed, the rates of decomposition were similar. The 
only statistical difference found occurred for treatments in II where Lucerne had a greater 
k value than Eucalyptus (one-way ANOVA, Tukey’s HSD test; P = 0.002), African Olive (P = 
0.003) and Mix (P = 0.006) treatments. 
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Table 2.12. Decay constant (k year-1) values for four 
different decomposition treatments (Lucerne, Eucalyptus, 
African Olive and Mix) for three vegetation types 
(Cumberland Plain Woodland (CPW), initial invasion (II) 
and long-term African Olive invasion (LI)) at the 
Australian Botanical Garden, Mount Annan. Different 
letters represent significant statistical differences. The 
comparisons were made within one vegetation type at 
each time among treatments. 
Treatment Vegetation type 
 
LI II CPW 
Lucerne 0.91 ± 0.24a 1.14 ± 0.09a 1.09 ± 0.16a 
Eucalypt 0.96 ± 0.45A 0.60 ± 0.14A 0.79 ± 0.17A 
Olive 0.59 ± 0.18a 0.66 ± 0.11a 0.75 ± 0.13a 
Mix 0.80 ± 0.11a 0.70 ± 0.11a 1.02 ± 0.36a 
 
 
2.3.6. Vegetation type flammability 
 The four flammability-related measures are presented in Figure 2.5. Fuel from II 
ignited twice as fast as fuel from LI (one-way ANOVA, Tukey’s HSD test; P <0.001), and 
moderately faster than fuel from CPW (P = 0.009). Flame duration for fuel from II was 
shorter than for fuel from CPW (one-way ANOVA, Tukey’s HSD test; P = 0.032) and LI (P 
<0.001). Fuel from II had a greater amount of unburned mass remaining after combustion 
(residual mass fraction) when compared to LI (one-way ANOVA, Tukey’s HSD test; P = 
0.028) but no difference was found when compared to CPW (P = 0.094). 
 
 
76 
 
 
Figure 2. 5. Flammability measures including (a) time to ignition (s), (b) flame duration 
(s), (c) mass loss rate (g s-1), and (d) residual mass fraction (%) for three vegetation types 
(Cumberland Plain Woodland (CPW), initial invasion (II) and long-term African Olive 
invasion (LI)) at the Australian Botanical Garden, Mount Annan. Different letters represent 
significant statistical differences among vegetation types. Bars represent mean values and 
error bars are standard error. 
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2.4. Discussion 
2.4.1. Vegetation vertical structure 
 In general, plants show considerable variation in their structure varying in response 
to the environmental conditions therefore allowing architectural rearrangements (Rowe 
and Speck 2005). This variation can potentially affect fire behaviour. In addition, invasive 
plants can significantly change the distribution of available fuels (Addo-Fordjour et al. 
2009; Berry et al. 2011) and may alter fire behaviour (Mack and D'Antonio 1998; Brooks et 
al. 2004; Walther et al. 2009). Analysis of the vertical structure of vegetation can provide 
insight to how fire may ultimately behave in a given fuel type (Graham et al. 2004; 
Fernandes 2009). 
It was clear that the vertical structure of the three vegetation types chosen for this 
study differed. Areas that had long-term invasion by Africa Olive were structurally less 
complex than Cumberland Plain Woodland and areas of intermediate invasion. Such 
differences in vertical arrangement of fuel could have a profound influence on the 
development and propagation of fire. For example, if fuels are discontinuous between 
surface and elevated layers, there is a smaller chance that fire will move up into the canopy 
(Cruz et al. 2010; Cruz et al. 2013). Under normal circumstances, the fuel arrangement, 
configuration and orientation within the fuel strata is complex and dynamic (Walker 1981; 
Pyne 1984). However, plant invasions can shift the fuel structure to a new climax 
vegetation (Mandle et al. 2011; Lockwood et al. 2013) and permanently alter the vegetation 
structure. 
Cuneo and Leishman (2012) showed that African Olive is capable of forming a dense 
and permanent mid-canopy in grassy woodland vegetation forming a shadow that 
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obstructs the light and ultimately kills the ground vegetation and does not allow growth of 
smaller plants. Although there are many ecological effects involved in structural alteration 
of vegetation, this is the first study showing how the fine fuel is vertically distributed in 
patches densely invaded by this species. 
Areas with a well-established canopy of African Olive had very little fuel vertically 
distributed from 0 to 50 cm creating a gap between the surface fuel and the top layers. The 
opposite was found in Cumberland Plain Woodland and areas of intermediate invasion 
where there was much greater vertical continuity of fuel. The vertical complexity found in 
Cumberland Plain Woodland is mostly due to the presence of a characteristic grass layer 
with occasional shrubs spread throughout the understorey (Benson and Howell 2002). 
Areas of intermediate invasion had the greatest vertical complexity of all the vegetation 
types examined due to the presence of young individuals of African Olive in a matrix of 
native shrubs and a tall grass layer. Vertical continuity of fuel is important for fire 
behaviour as it can create a ladder for the fire to propagate to elevated fuel and the canopy 
(Whelan 1995). Even though there was considerable vertical fuel continuity in areas of 
intermediate invasion, it is important to note that the horizontal distribution of shrubs and 
young individuals of African Olive was patchy due to previous land use. These areas also 
lacked taller eucalypt trees and therefore there was no distinct canopy as in Cumberland 
Plain Woodland. Consequently, fire behaviour expected in this vegetation type would be 
more similar to a grassfire than a forest fire.  
 It is also important to note that most of the fuel above 50 cm in areas of 
intermediate invasion and long-term invasion was composed of live twigs and leaves that 
require pre-heating and moisture loss before igniting. In contrast, in areas of long-term 
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invasion by African Olive, the presence of a considerable amount of dead fine fuel above 50 
cm gives this vegetation the right conditions for a fire to propagate upwards into the 
canopy but a lack of surface and near surface are likely to impose a barrier for vertical fire 
propagation.  
 
2.4.2. Fine fuel load 
The importance of the fuel load and distribution in determining fire behaviour in 
different vegetation types is extremely variable. The time taken to build up levels of 
available fuel after a fire event and the condition of the fuel dictates the fire behaviour in 
that area (Whelan 1995). 
Fuel arrangement and distribution can sometimes be more important in 
determining fire behaviour than fuel loads (Gould et al. 1997; Smith et al. 2004). The 
processes of describing and quantifying fuels is highly important for understanding fire 
behaviour and can provide information for fire management activities including prescribed 
burning, suppression difficulty, fuel hazard assessment and fuel treatment (Gould et al. 
(2011). However, the structure of fuel needs to be analysed together with fuel load to 
provide an understanding of how a fire can spread through the vegetation. For example, the 
presence of fuel in the upper layers in Cumberland Plain Woodland and areas invaded by 
African Olive does not necessarily mean that the fuel load is sufficient to carry a fire. 
Fuel loads are important inputs for fire behaviour modelling and management of 
planned fires (Hessburg et al. 2007) and for wildfire management (Black and Opperman 
2005). Information about the fuel load can also show dead and live carbon storage pools 
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and indicate the potential of ecosystems as possible carbon sinks (Finkral and Evans 2008). 
Keane (2013) reviewed the challenges of describing fuels focusing discussions on surface 
fuel loadings as the primary characteristic used by fire scientists. 
Until very recently fuel load was the only characteristic used in Australian fire 
danger systems to predict fire behaviour in forests (Gould et al. 2007a). Fuel reduction 
practices in eucalypt forest in Australia have relied on the relationships among fuel load, 
rate of spread and fire intensity as its foundation for over 30 years (Gould et al. 2007a). 
These relationships were proved to be weak under high intensity fires (Cheney 1990; 
Burrows 1994; Cheney and Gould 1996; Burrows 1999) and it has been suggested that 
variables other than fuel load could be better predictors of fire behaviour in forests 
(McCaw et al. 2008). 
The ratio of dead and live fine fuel constitute an important characteristic capable of 
explaining sustained fire propagation in the elevated layer (Cruz et al. 2010). There was no 
difference in total fine fuel load amongst the three vegetation types and most of the fuel 
was found in the litter layer and was dead (more than 80%). The surface fuel loads 
measured in this study (0.33–0.72 kg m-2) were within the same range of the surface fuel 
loads found by Gould et al. (2011) for open dry eucalypt forest (Eucalyptus marginata) in 
Western Australia (from 0.45–1.19 kg m-2), however, the near surface (0–50 cm) fuel load 
of CPW (0.04 kg m-2) was smaller compared to other studies in eucalypt forests (Gould et 
al. 2011; Thomas et al. 2014). Sites with long-term invasion of African Olive had low fuel 
loads in the upper canopy layers as a consequence of the structure of mature trees. In 
contrast, Cumberland Plain Woodland had low fuel load above the litter layer possibly as a 
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consequence of the past history of prescribed burning or other disturbance such as grazing 
or due to low productivity of this vegetation type in general.  
Areas of intermediate invasion were mostly grass with a few sparse shrubs and 
young African Olive trees. The structure and fuel load more closely resembled grassland. 
For a long time, fuel load was believed to be one of the most important variables to predict 
fire intensity and rate of spread in this vegetation type. In Australia, the first models 
developed to predict rate of spread in grassland used to incorporate fuel load as a direct 
input (McArthur 1966). However, subsequent research by Cheney et al. (1993; 1998) found 
that the role of fuel load in defining the rate of spread was minimal. Instead of fuel load, the 
condition of the grass (grazed or non-grazed) was a much more important factor in 
determining rate of spread in grassland. 
At the moment, models available for predicting fire behaviour in eucalypt forests 
without using fuel load as the main variable are still being developed and tested (Gould et 
al. 2011; Watson et al. 2012; Cruz et al. 2013). Fuel load remains one of the most important 
inputs for prediction of fire behaviour given the current lack of specific models for 
predicting fires in areas invaded by woody weeds. 
 
2.4.3. Fuel hazard score and percentage cover score  
  The overall fuel hazard score (FHS) and percentage cover score (PCS) of heavily 
invaded areas was greater than for areas of intermediate invasion and Cumberland Plain 
Woodland with the exception of the near-surface layer. As discussed previously, areas of 
long-term invasion by African Olive had a ‘gap’ in lower fuel layers which was also reflected 
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in the low values recorded for FHS and PCS. As there are no other studies that have used 
hazard assessment methodologies for describing a novel fuel type, current methods were 
adapted in this study. To do this, fuels in areas of intermediate invasion and Cumberland 
Plain Woodland were measured using the same layers created to assess fuel hazard in 
eucalypt forests and the PCS and FHS were determined using tables in Gould et al. (2011). 
The assessment of areas of long-term invasion by African Olive followed the same scheme 
described by Gould et al. (2011), with adaptations for novel vegetation to conform to the 
same classes created for eucalypt forests. 
 When the FHS obtained for the surface and near surface fuels are combined they can 
be used to predict the rate of spread in vegetation using the tables provided in Gould et al. 
(Gould et al. 2007b). However, these tables were developed for specific conditions and 
forest type so using them to predict fire behaviour in invaded areas could produce 
misleading results (see Chapter 5 for discussion of fire behaviour prediction). 
 Watson et al. (2012) noted that although FHS were not designed for the purpose of 
measuring or implying fuel load they have been widely used by fire managers in Australia 
with this purpose and to make fire behaviour predictions using the McArthur models 
(McArthur 1967; Noble et al. 1980). The use of FHS to predict fuel load of an area can be 
extremely inaccurate leading to wrong fire behaviour predictions (Watson et al. (2012). 
Therefore, due to inherent inaccuracies, it cannot be recommended that FHS and PCS 
should be used to predict the fuel load and fire behaviour of invaded sites. Similarly, using 
Vesta fire behaviour tables to predict fire behaviour in areas invaded by African Olive is 
likely to lead poor predictions because Vesta models are empirical and specifically tailored 
for Eucalyptus forests. This could have a considerable impact on management actions. 
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Nevertheless, because FHS and PCS influence fire behaviour and the FHS, PCS and fuel 
depth of LI areas is highly contrasting when compared to II and CPW areas it is likely that 
the fire behaviour in the invaded patches would be different. The extent of the effect of 
these differences is extremely hard to predict without the observation of real fires and the 
development of empirical models. Watson et al. (2012) indicate that even though collection 
of fuel load measurements is time consuming these data are much more reliable than 
estimates derived from FHS. This would be particularly important when the vegetation 
being considered is a patch of forest invaded by a non-native species.  
The FHS and PCS obtained for the invaded areas could potentially be used to 
compare and calibrate fire behaviour predictions made by physical or quasi-physical 
models capable of using the fuel load/depth and structure measurements as inputs to make 
fire behaviour predictions. As shown by Watson et al. (2012), the development of the FHS 
and PCS concept created a useful option to assess fuel condition and can be applied to 
many different types of vegetation. However, using it in fire management decisions is 
imprudent especially when considering vegetation subject to plant invasion. 
 
2.4.4. Litter decomposition and soil 
 Decomposition of leaf litter has a key role in nutrient cycling in terrestrial 
ecosystems, as it is the main source of nutrients and organic matter for plant roots and soil 
organisms (Ashton et al. 2005). From a fuel perspective, litter decomposition can be an 
indication of how much litter a vegetation can potentially accumulate over time. Generally, 
 
 
84 
 
leaf litter with a high N concentration decomposes before other litter types due to the 
lower energetic costs involved in breaking it down (Melillo et al. 1982). 
 Ashton et al. (2005) showed that interspecific differences in leaf litter quality could 
affect rates of decomposition, which can feedback to soil processes. The surface soils 
samples (0–5 cm) used in this study did not show any differences in N and C content and 
pH among vegetation types. The deeper soil layer (5–10 cm) of partially and fully invaded 
areas had higher concentrations of N and C than in Cumberland Plain Woodland. This could 
be due to invasion of African Olive altering soil processes in some way. Invasive species 
generally have a higher concentration of leaf N (Vitousek and Walker 1989; Witkowski 
1991) and consequently decompose faster than native plants, introducing more N to the 
soil (Ashton et al. 2005). This pattern was evident with treatments using Lucerne which 
had the greatest N concentration and mass decay after 6 months of decomposition. In 
contrast, litter from African Olive had the smallest N concentration and the slowest 
decomposition rates of all treatments used. Low levels of N in fallen leaves of African Olive 
could be due to several factors including reallocation of nutrients before leaves are shed, 
reallocation to support fruit growth (Fernandez-Escobar et al. 2004), limited availability of 
N in the environment (Aerts 1996; Toberman et al. 2014) or leaching of soluble N from 
freshly fallen leaves. The N content of litter is also important for assimilation by 
microorganisms decomposing the material and C:N ratio has been shown to influence litter 
biodegradation, rates of mineralization and microbial biomass (Singh et al. 2014). Based on 
this information, slow rates of decomposition would be expected for litter with a high C:N 
ratio, similar to African Olive. This in turn is likely to promote accumulation of surface fuel 
which will have implications for fire behaviour in areas heavily invaded by woody weeds. 
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 Differences in initial decomposition rates were expected during the first 6 months 
due to the differences found in their initial C:N ratio (Berg et al. 2003), however, initial C:N 
ratio alone does not accurately predict rates of decomposition (O'Connell and Menage 
1983; Simpson 2005; Gul et al. 2012; Norris et al. 2013). These differences can also be 
attributed to lignin content that was not measured in this work (Melillo et al. 1982; 
Berendse et al. 1987).  
Even though differences in rates of decomposition were expected amongst 
vegetation types only areas of intermediate invasion showed treatment differences. This 
may be due to these areas being more open than areas of long-term invasion and 
Cumberland Plain Woodland. The decomposition of forest litter can be influenced by 
climate conditions (Florence and Lamb 1975), aspect, species and slope position (Bale and 
Charley 1994; Mudrick et al. 1994), litter supply (Nakane 1995; Thomas et al. 2014), 
acidity (Berger and Glatzel 1996) and soil fertility (Klemmedson 1992).  
The type of litter can influence physical mass loss and chemical changes while the 
decomposition process takes place (Singh and Gupta 1977; Aber et al. 1990; Francesca 
Cotrufo et al. 1995; Simpson 2005). The quality and quantity of litter changes through the 
decomposition process and the microbial community is also altered (Berg and 
McClaugherty 2003; Norris et al. 2013). Therefore, interactions between decomposers and 
the chemical composition of litter controls decomposition at different stages of decay 
(Rinkes et al. 2014). Eucalypt species can take from 7 to 375 years to lose 95% of their 
mass (Mackensen et al. 2003). Although the leaves of eucalypt used in this study had a 
relatively high N content and were expected to decay faster than leaves from African Olive, 
decomposition rates did not differ.  
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 Thomas et al. (2014) modelled rates of decomposition (k year-1) for dry sclerophyll 
forests in south-eastern Australia and calculated that they varied between 0 and   
0.7 k year-1 for areas with 600 mm of rain. In this study, rates of decomposition for 
Cumberland Plain Woodland were slightly higher but this may be accounted for by higher 
annual rainfall at Mount Annan (approximately 800 mm). Rodriguez et al. (2009) measured 
a decomposition rate of 1.18 k year-1 for Olea europea cv sylvestris with 32% of the initial 
biomass remaining after 15 months. In this study, the decomposition rate for Olea europea 
var. cuspidata varied from 0.5–0.7 k year-1 and the remaining biomass after 17 months 
ranged from 30–35%. Decomposition rates can be closely related to precipitation and soil 
moisture and are strongly related to geographic factors (Zhang et al. 2008).  
 
2.4.4. Vegetation type and flammability 
 The study of plant flammability is still relatively unexplored. Flammability was 
defined by Anderson (1970) and Martin et al. (1994) as having four components that can 
be related to fire characteristics at an ecosystem level (see Chapter 4). 
 Overall, fuel from the area of intermediate invasion had a faster time to ignition and 
shortest flame duration when compared to fuels from other vegetation types. Areas of 
intermediate invasion also had the greatest percentage of biomass left unburned or 
incompletely burned. This is most likely due to the type of vegetation in this area as it is 
dominated by grasses. Grass leaf blades and stems tend to be very light and the chemical 
composition is considerably different compared to leaves and twigs from woody vegetation 
(Brooks et al. 2004). These characteristics facilitate the ignition process and promote fast 
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combustion of grasses compared to woody plants. The behaviour of grassfires can be 
demonstrated during controlled pyrolysis of grass material (Cheney and Sullivan 2008; 
Sullivan 2013). Consequently, grassfires tend to represent the greatest challenge in terms 
of fire suppression due to fast rates of spread and being highly influenced by wind and 
moisture (Cheney and Sullivan 2008). According to Sullivan (2003), grass fuels are 
characterised by a relative fineness when compared to coarser forest litter fuels and will 
ignite and burn faster for a given set of conditions with an average flaming time of 5 s and 
burning out in 10–15 s. It is likely that longer flaming times and higher residual mass 
fraction found in this study were due to the arrangement and compactness of the fuel when 
prepared for combustion in the MLC. The leaves and stems were trimmed to fit the holder, 
the material was arranged in a more compact way (i.e. different bulk density) and was 
positioned horizontally. In the field, grass fuel is arranged vertically with enough air 
between leaves to facilitate faster and more complete combustion. 
 The only differences found between flammability of fuel from long-term invasion 
sites and Cumberland Plain Woodland was flame duration. This difference could be due to 
the physical composition of the fuel. The fuel from African Olive had a greater number of 
thin twigs than Cumberland Plain Woodland which was mostly composed of leaves. The 
surface area:volume ratio of twigs is generally smaller than for leaves which could promote 
slower rates of combustion.  
 The flammability of the individual components of plants (i.e. leaves and twigs) can 
be extremely different from large-scale or ‘ecosystem’ flammability and there are many 
challenges to face when trying to scale up from the leaf-level to whole ecosystems (Gill and 
Zylstra 2005). Understanding the four components of flammability through laboratory 
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experiments could help us to understand how ecosystem flammability works and could 
improve physical models of fire behaviour. With this in mind, an in-depth study of 
flammability is presented in Chapter 4.  
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3. Alteration of fuel load and structure by a native woody 
environmental weed, Cootamundra Wattle (Acacia baileyana) 
3.1. Introduction 
 Species that are able to invade native vegetation and have the potential to 
permanently alter and destroy an ecosystem are often referred to as environmental weeds 
(Humphries et al. 1991; Carr et al. 1992; Morgan et al. 2002). These species can be 
considered to be one of the greatest threats to the preservation of natural environments in 
Australia and New Zealand (Humphries et al. 1991; Williams and West 2000). 
Environmental weeds do not necessarily need to be introduced species from another 
country (Morgan et al. 2002); native species that have extended their range beyond their 
natural distribution can also become environmental weeds (Williams and West 2000). 
In Australia, environmental weeds that are also native species have been associated 
with the extinction of four plant species and threaten several more (Groves and Willis 
1999). Examples of native woody weeds growing outside of their normal distribution in 
Australia include Sweet Pittosporum (Pittosporum undulatum; Mullett and Simmons 1995; 
Rose and Fairweather 1997) in Victoria and New South Wales (NSW), Golden Wreath 
Wattle (Acacia saligna) in Western Australia (Emms et al. 2005) and Coastal Tea Tree 
(Leptospermum laevigatum) in north-east NSW, south-east Queensland and Western 
Australia (Groves et al. 2005). 
Williams and West (2000) classify environmental weeds as a subset of invasive 
plants because the problems caused by these species cannot be simply classified in 
economic or agronomic terms. Environmental weeds represent a particular challenge for 
land managers due to their effects on ecosystem stability, functional complexity and 
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biodiversity (Adair and Groves 1998). In Australia, a native environmental weed that is 
becoming increasingly more important is Acacia baileyana, commonly known as 
Cootamundra Wattle. Cootamundra Wattle grows naturally in open woodlands (e.g. mallee 
communities). These plants form shrubs or small trees with a spreading crown, usually 
growing from 3 to 6 m tall. The natural distribution of this species is restricted to inland 
parts of southern NSW however it has spread from gardens (Groves et al. 2005) and has 
increased its distribution range (Williams and West 2000). Cootamundra Wattle is 
considered to be a significant environmental weed in Victoria and the Australian Capital 
Territory (ACT) with emerging importance in south-eastern South Australia, south-western 
Western Australia, south-eastern Queensland, Tasmania and in many parts of NSW that are 
beyond its natural range, particularly in coastal districts and in the Blue Mountains region 
(Government of Queensland 2014).  
Cootamundra Wattle has been cultivated since the 1800s suggesting that there has 
been a considerable time span for this species to spread into native ecosystems (Morgan et 
al. 2002). Cootamundra Wattle has two main colour forms (purple and green) and both are 
considered environmental weeds even though the purple variety is less aggressive (Morgan 
et al. 2002). Outside its natural range Cootamundra Wattle invades open woodland, 
heathland and grassland on a variety of soil types (Government of Queensland 2014). The 
invasiveness of Cootamundra Wattle is thought to be due to frequent fire activity 
stimulating mass seed germination (Smith 1993), short development time to reproductive 
maturity (<2 years) and production of a large number of viable seeds with considerable 
longevity (Morgan et al. 2002).  
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Unlike African Olive investigated in Chapter 2, Cootamundra Wattle is a native 
species that has evolved under the same environmental conditions of other Australian 
plants. It would therefore be reasonable to assume that the flammability of a native 
environmental weed would be similar to the native plants when it is invading a habitat 
similar to that in which it evolved.. This scenario would allow for an investigation of 
mechanisms other than flammability (e.g. fuel structure and load) that may be involved in 
changes in fire behaviour of invaded areas. To investigate how a native environmental 
weed can affect fire behaviour, the following questions were formulated: 
1. What are the differences between areas invaded with Cootamundra Wattle and 
the surrounding native woodlands in terms of fine fuel load and structure? 
2. Does an invasion by Cootamundra Wattle represent a higher fire hazard? 
3. Is the flammability of areas invaded by Cootamundra Wattle different from native 
woodland and areas showing signs of initial invasion? 
  
3.2. Materials and methods 
3.2.1. Study site 
Canberra Nature Park, ACT is composed of 33 separate areas with vegetation 
ranging from lowland native grasslands to remnant woodlands (Australian Capital 
Territory Government 2014). The Red Hill Nature Reserve is part of the Canberra Nature 
Park and occupies an area of 375 ha of Yellow Box-Red Gum Woodland. At the Federal 
level, this vegetation type is listed as a Critically Endangered vegetation community under 
the Environmental Protection and Biodiversity Conservation Act 1999 (EPBC Act 1999) and 
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in the ACT, Yellow Box-Red Gum Grassy Woodland is listed as an Endangered community 
(Nature Conservation Act 1980). This vegetation type has high plant diversity and is 
habitat for a number of threatened plant species (Red Hill Bush Regeneration Group 2014). 
The average annual rainfall is 616 mm with mean annual maximum temperature of 19.7 °C 
and mean annual minimum of 6.5 °C (Figure 3.1) (Australian Bureau of Meteorology 2014). 
Most of the Red Hill Nature Reserve is composed of metamorphic rock with occasional 
Silurian volcanic rocks outcrops (Red Hill Bush Regeneration Group 2014). Yellow Box-Red 
Gum Woodland has been highly fragmented and generally exists as isolated patches 
smaller than 5 ha in area (Gibbons and Boak 2002). 
 
 
Figure 3. 1. Average rainfall and temperature for 2011, 2012 and 2013 for Canberra 
Airport weather station, ACT 35.31° S, 149.20° E (Data obtained from Bureau of 
Meteorology - http://www.bom.gov.au/climate/data/stations/). 
 
The study area is located on lower slopes and gently undulating terrain, at an 
altitude of between 600–900 m. Because of the relatively large size of the Red Hill Nature 
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Reserve and that much of the understorey is in good condition, the reserve supports one of 
the highest native plant diversities recorded in a Yellow Box-Red Gum Woodland remnant 
anywhere in Australia with approximately 175 native species have been recorded in the 
Red Hill Nature Reserve (Red Hill Bush Regeneration Group 2014). Pell and Tidemann 
(1997) described the vegetation in this area as predominantly grassy open savannah with 
Blakely’s Red Gum (Eucalyptus blakelyi), White Gum (E. rossii), Yellow Box (E. melliodora), 
Redbox Gum (E. polyanthemos) and Apple Box (E. bridgesiana) as the most common 
eucalypt species present in the area with a sparse and heterogeneous distribution ranging 
from isolated trees to areas of regrowth woodland. The understorey consists of a dense 
cover of native grasses and a scattered herbs and forbs, and with isolated native but non-
eucalypt trees (e.g. Acacia dealbata, Casuarina stricta and Exocarpus cupressiformis). More 
disturbed areas of Yellow Box-Red Gum Woodland have introduced pasture grasses and 
shrubs (e.g. Pyracantha spp., Rubus spp. and Rosa spp.) but are still considered to be 
relatively intact. 
 The presence of Cootamundra Wattle in the Red Hill Nature Reserve represents a 
potential threat to the native vegetation since this species is declared as a C4 class under 
the Noxious Weeds Act (1993) (See Chapter 1) and its commercial and non-commercial 
supply is prohibited in the ACT. 
  
3.2.2. Sampling design  
The design of the study site was similar to that described in Chapter 2. Within the 
Red Hill Nature Reserve, two vegetation types were selected: well-preserved Yellow Box-
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Red Gum Grassy Woodland (YGW; Figure 3.2a) and the same woodland showing initial 
stages of invasion characterised by sparsely distributed individuals (referred to as sparsely 
invaded areas; SI) of Cootamundra Wattle (Figure 3.2b). The area representing SI was 
carefully selected as it was difficult to delineate as the original vegetation persisted (e.g. 
native grasses and shrubs, sapling eucalypts) with the occasional presence of Cootamundra 
Wattle. The location chosen to represent heavy invasion (HI) by Cootamundra Wattle was 
less than a 1 km away from the Red Hill Nature Reserve at a site located between Groom, 
Carruthers and Kent Streets (-35.327715, 149.092144). Prior to invasion by Cootamundra 
Wattle, this area was occupied by Yellow Box-Red Gum Grassy Woodland but due to urban 
development of the area and land use change, the original vegetation was highly disturbed 
and few overstorey eucalypt trees remained. The understorey of HI areas was dominated 
by Cootamundra Wattle (Figure 3.2c). 
In each of the three vegetation types, 50 × 50 m plots (n = 3) were established to 
investigate the fuel complex. Three parallel transects of 50 m were established in each plot 
at 5, 25 and 45 m along the perpendicular side of the plot. Scoring for the pin point 
intersect method (see Section 2.2.3) was done along each 50 m transect at 11 observation 
points located 5 m apart (Canfield 1941). To measure fuel hazard score, percentage cover 
score and fuel depth, five circles of 5 m radius were established in the same transects at 5, 
15, 25, 35 and 45 m (see Section 2.2.3). Along each transect, two quadrats of 1 × 1 m were 
randomly located to assess fine fuel biomass (see Section 2.2.3). 
3.2.3. Measurement of fuel 
 To describe the structure of the fuel layers and stratum cover and height, the same 
methodology as described in Chapter 2 was used (see Section 2.2.3). The total number of 
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touches of vegetation was recorded for each layer (0–20, 20–50, 50–100, 100–200 cm) and 
total touches were calculated for each vegetation type. 
Quantification of fuel load was done by destructive sampling following the same 
design and methodology described in Chapter 2 (see Section 2.2.3).  
Visual estimation of the fuel hazard score (FHS) and percentage cover score (PCS) 
was made according to methods described in Chapter 2 (see Section 2.2.3). The FHS and 
PCS were categorically rated from 0 to 4 for each of the fuel layers. The depth of the litter 
and height of the near surface and elevated fuel layers were measured according to 
methods described by McCarthy et al. (1999).  
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Figure 3. 2. Details of the three vegetation types used: 
(a) Yellow Box-Red Gum Grassy Woodland (YGW), (b) an 
example of mature Cootamundra Wattle in a mown area 
close to sparsely invaded areas (SI), and (c) areas heavily 
invaded by Cootamundra Wattle (HI) at Red Hill Nature 
Reserve, ACT. Yellow arrows indicate individuals of 
Cootamundra Wattle. 
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3.2.3. Assessment of fuel flammability 
 To assess the flammability of components of fuel from the three vegetation types a 
mass-loss calorimeter was used (see Section 2.2.6). After determining the fuel moisture 
(see Section 2.2.3), biomass samples from each layer within the same vegetation type were 
bulked to form a composite sample. Three sub-samples of each composite sample were 
combusted forming a total of 15 samples per vegetation type. The weight of each sub-
sample varied according to the fuel composing it. The samples were trimmed to fit the 
holder to uniformly cover the exposed surface area and sample thickness was maintained 
at 5 cm. Burns were done using an irradiance of 25 kW m-2 and a 10 kV spark igniter was 
used to provide piloted ignition. 
Ignitability, sustainability, combustibility and consumability were assessed (see 
Section 2.2.6) allowing overall flammability comparisons between vegetation types. 
  
3.2.4. Statistical analysis 
The structure of the fuel in the three vegetation types (YGW, SI and HI) was 
compared using one-way ANOVA with Tukey’s Honest Significant Difference (HSD) post-
hoc tests. Prior to statistical analysis, the point intersect data was square root transformed. 
The pin point intersect data (i.e. the number of touches in each layer and the total number 
of touches amongst vegetation types) were compared for each fuel class (live: grass, 
twigs/leaves and herbs, and dead fine fuel) amongst vegetation types for each individual 
layers separately using one-way ANOVA and Tukey’s HSD Tests. Values for fine fuel 
biomass collected during destructive sampling were log-transformed to normalise the data 
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prior to one-way ANOVA. Fuel depth and height were compared amongst vegetation types 
within each layer using one-way ANOVA combined with Tukey’s HSD tests. 
Data for each flammability component (heat rate release (HRR), mass loss rate 
(MLR), time-to-ignition (TTI), flame duration (FD)) were compared by using one-way 
ANOVA with Tukey’s HSD analysis. To meet the criteria for using one-way ANOVA, the 
values of TTI and FD were log-transformed and values for MLR were arc sine-transformed. 
Values derived from the visual scoring system (i.e. overall FHS, and FHS and PCS for the five 
fuel layers: overstorey tree and canopy, intermediate tree and canopy, elevated, near 
surface and surface) were compared using one-way ANOVA combined with Tukey’s HSD 
tests. All statistical analyses were made in the SPSS version 22. 
 
3.3. Results 
3.3.1. Fuel architecture 
  Despite the similar total number of touches, the vertical structure of HI was 
considerably different from SI and YGW. Yellow Box-Red Gum Grassy Woodland had only 
half the number of total touches than areas heavily invaded with Cootamundra Wattle 
(Table 3.1). The majority of touches in YGW (86%) was in the first 20 cm above ground and 
was mostly due to a layer of grass. The areas of SI had a structure similar to YGW with 
greater amount of touches for each fraction reflecting encroachment of the vegetation 
caused by the presence of Cootamundra Wattle. The total number of touches in HI and SI 
were significantly different from YGW (one-way ANOVA, Tukey’s HSD test; P <0.001). The 
areas heavily invaded with Cootamundra Wattle (HI) had a greater number of touches for 
every layer (one-way ANOVA, Tukey’s HSD test; P <0.05) in comparison to SI and YGW. 
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Table 3.1. Total number of touches (± standard deviation) 
in each fuel height layer (0–20, 20–50, 50–100, 100–150, 
150–200 cm and total) for three different fuel types 
(Yellow Box-Red Gum Grassy Woodland (YGW), sparsely 
invaded areas (SI), and areas heavily invaded by 
Cootamundra Wattle (HI)) at Red Hill Nature Reserve, 
ACT. Statistical comparisons (one-way ANOVA and 
Tukey’s HSD tests) were made among vegetation types 
within each layer. Different letters represent significant 
statistical differences. 
 
Vegetation type 
Fuel layer (cm) YGW SI HI 
150-200 8 ± 7a 26 ± 2a 76 ± 21b 
100-150 4 ± 8A 33 ± 1A  91 ± 27B 
50-100 3 ± 8a 26 ± 1b 87 ± 24c 
20-50 15 ± 13a 70 ± 4a 91 ±15b 
0-20 185 ± 43AB 239 ± 35B 131 ± 35A 
Total 215 ± 28a 394 ± 23b 476 ±23b 
 
  
The fuel composition followed the same pattern for each of the vegetation types. 
Most of the fuel was composed of fine live fuel (i.e. 69% in HI, 54% in SI and 78% in YGW) 
with far less dead fine fuel. Heavily invaded areas had significantly greater amounts of live 
fuel in every layer (one-way ANOVA, Tukey’s HSD test; P <0.05) when compared to YGW.  
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Table 3.2. Total number of touches (± standard deviation) of each class (live fine fuel (LFF) 
and dead fine fuel (DFF)) in each fuel layer (0–20, 20–50, 50–100, 100–150, 150–200 cm and 
total) for three different fuel types (Yellow Box-Red Gum Grassy Woodland (YGW), sparsely 
invaded areas (SI) and areas heavily invaded by Cootamundra Wattle (HI) at Red Hill Nature 
Reserve, ACT. Statistical comparisons (one-way ANOVA and Tukey’s HSD tests) were made 
among vegetation types within each layer. Dashes indicate that no biomass was measured for 
this fuel layer. Different letters represent significant statistical differences. 
 
Vegetation type and fuel type 
 
DFF LFF 
Fuel layer (cm) YGW SI HI YGW SI HI 
150-200 3 ± 11a 8 ± 3a 2 ± 4a- 5 ± 9A 17 ± 4A- 73 ± 19B 
100-150 1 ± 19a 14 ± 2b 8 ± 8ab 3 ± 11A 20 ± 2A 83 ± 13B 
50-100 2 ± 14a 16 ± 2b 19 ± 9b- 1 ± 6A 9 ± 1A- 68 ± 8B 
20-50 3 ± 27A 35 ± 3B 37 ± 3B- 12 ± 8a 35 ± 2a- 54 ± 21b 
0-20 37 ± 59A 106 ± 14B 80 ± 8B- 147 ± 38a 133 ± 36b- 51 ± 20b 
Total 46 ± 16A 180 ± 16B 147 ± 29B- 168 ± 21a 214 ± 20b- 329 ± 16b 
 
 
3.3.2. Fine fuel load 
 Overall, there were no significant differences (one-way ANOVA, Tukey’s HSD test; P 
>0.05) in total live or dead fine fuel load amongst vegetation types (Table 3.3). The largest 
proportion of the fine fuel was in the litter layer (64% in LI, 67% in IS and 80% in YGW). 
The presence of small amounts of live and dead fine fuel in the layers above 50 cm in HI 
and SI reflect the vertical structure indicated by the pin-point method in these areas (Table 
3.3). 
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Table 3. 3. Fine fuel biomass (kg m-2; mean ± standard deviation) in classes (live, dead and total) and fuel height layer (litter, 0–20, 20–
50, 50–100, 100–150, 150–200 cm and total) for three vegetation types (Yellow Box-Red Gum Grassy Woodland (YGW), sparsely invaded 
areas (SI) and areas heavily invaded by Cootamundra Wattle (HI)) at Red Hill Nature Reserve, ACT. Statistical comparisons (one-way 
ANOVA and Tukey’s HSD tests) were made among vegetation types within each layer. Different letters represent significant statistical 
differences among the logarithmic data and dashes indicate that no biomass was measured for this fuel layer. 
 
Fuel and vegetation type 
 
Live fine fuel Dead fine fuel Total 
Fuel layer (cm) YGW SI HI   YGW SI HI   YGW SI HI 
150–200 - 0.02 ± 0.02a- 0.07 ± 0.05a 
 
- - - 
 
- 0.01 ± 0.01a 0.02 ± 0.03a 
100–150 0.01 ± 0.01a 0.03 ± 0.03a- 0.04 ± 0.03a 
 
- - - 
 
0.01 ± 0a 0.01 ± 0.01a 0.01 ± 0.02a 
50–100 - 0.03 ± 0.03a- 0.06 ± 0.05a 
 
- 0.02 ± 0.02A 0.01 ± 0.02A 
  
0.01 ± 0.02a 0.02 ± 0.02a 
20–50 0.01 ± 0.01b 0.02 ± 0.02ab 0.06 ± 0.06a 
 
- 0.01 ± 0.01A 0.03 ± 0.03A 
 
- 0.01 ± 0.01a 0.02 ± 0.02a 
0–20 0.16 ± 0.12a 0.12 ± 0.07a- 0.13 ± 0.12a 
 
0.04 ± 0.03A 0.07 ± 0.04A 0.13 ± 00.1A 
 
0.03 ± 0.03a 0.06 ± 0.03a 0.08 ± 0.07a 
Litter - - - 
 
0.38 ± 0.34A 0.53 ± 0.31A 0.79 ± 0.31A 
 
0.33 ± 0.3a 0.39 ± 0.23a 0.55 ± 0.38a 
Total 0.18 ± 0.05a 0.22 ± 0.05a- 0.37 ± 0.07a   0.42 ± 0.11A 0.64 ± 0.15A 0.96 ± 0.22A   0.41 ± 0.06a 0.58 ± 0.07a 0.86 ± 00.1a 
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3.3.3. Visual scoring of fuel and fuel depth 
 The overall FHS of HI areas was statistically higher than SI for surface (one-way 
ANOVA, Tukey’s HSD test; P = 0.012), near-surface (P <0.001) and elevated fuel (P = 0.006; 
Table 3.4). The same pattern was found between areas of SI and YGW for surface, near-
surface and elevated fuel (one-way ANOVA, Tukey’s HSD test; P <0.001 for all). Bark fuel 
did not differ amongst vegetation types. Areas of SI had statistically greater FHS for surface 
(one-way ANOVA, Tukey’s HSD test; P = 0.009), near-surface and elevated fuel (P <0.001 
for both) than YGW. 
There were no statistical differences in PCS for areas of HI and SI for any fuel layer 
(Table 3.5). Heavily invaded areas had greater PCS for surface and elevated fuel than YGW 
(one-way ANOVA, Tukey’s HSD test; P <0.001 for both). The same pattern was found for 
areas of SI with PS for surface (one-way ANOVA, Tukey’s HSD test; P = 0.002) and elevated 
layers (P < 0.001) being greater than for YGW. The similarity between SI and HI may reflect 
the presence of the Cootamundra Wattle in both areas. 
The fuel depth in areas of HI was greater than SI for surface (one-way ANOVA, 
Tukey’s HSD test; P = 0.026) and near-surface fuel layers (P = 0.040). Heavily invaded areas 
also had greater fuel depth than YGW for surface, near-surface and elevated fuel layers 
(one-way ANOVA, Tukey’s HSD test; P <0.001 for all). The near-surface layer in areas of SI 
and YGW was statistically smaller then HI (one-way ANOVA, Tukey’s HSD test; P = 0.022).   
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Table 3. 4. Fuel hazard score (mean ± standard 
deviation) in each fuel layer (Surface, Near-surface, 
Elevated and Bark) for three different vegetation types 
(Yellow Box-Red Gum Grassy Woodland (YGW), sparsely 
invaded areas (SI) and areas heavily invaded by 
Cootamundra Wattle (HI)) at Red Hill Nature Reserve, 
ACT. Statistical comparisons (one-way ANOVA and 
Tukey’s HSD tests) were made among vegetation types 
within the same fuel layer. Different letters represent 
significant statistical differences. 
  Vegetation type 
Fuel layer YGW SI HI 
Surface 1.2 ± 0.7a 1.8 ± 0.7b 2.3 ± 1.0c 
Near-surface 1.3 ± 0.5A 2.4 ± 0.6B 3.0 ± 0.8C 
Elevated 1.1 ± 0.8a 1.9 ± 0.8b 2.5 ± 0.8c 
Bark 1.0 ± 1.1a 1.5 ± 0.9a 1.5 ± 1.7a 
 
 
 
Table 3.5. Percentage cover score (mean ± standard 
deviation) in each fuel layer (Surface, Near-surface, 
Elevated and Bark) for three different vegetation types 
(Yellow Box-Red Gum Grassy Woodland (YGW), sparsely 
invaded areas (SI) and areas heavily invaded by 
Cootamundra Wattle (HI)) at Red Hill Nature Reserve, ACT. 
Statistical comparisons (one-way ANOVA and Tukey’s HSD 
tests) were made among vegetation types within the same 
fuel layer. Different letters represent significant statistical 
differences. 
 
  Vegetation type 
Fuel layer YGW SI HI 
Surface 1.2 ± 0.6a 1.8 ± 0.7b 2.1 ± 0.7b  
Near-surface 2.5 ± 0.8A 2.6 ± 0.9A 2.6 ± 0.8A 
Elevated 1.1 ± 0.7a 2.0 ± 0.9b 2.4 ± 0.8b 
Canopy 0.9 ± 0.8a 0.9 ± 0.7a 1.0 ± 0.9a 
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Table 3.6. Fuel depth (mean ± standard deviation) for different fuel 
layers (Surface, Near-surface, Elevated and Canopy) in three different 
vegetation types (Yellow Box-Red Gum Grassy Woodland (YGW), 
sparsely invaded areas (SI) and areas heavily invaded by 
Cootamundra Wattle (HI)) at Red Hill Nature Reserve, ACT. Statistical 
comparisons (one-way ANOVA and Tukey’s HSD tests) were made 
among vegetation types within the same fuel layer. Different letters 
represent significant statistical differences. 
 
  Vegetation type 
Fuel layer YGW SI HI 
Surface (mm) 10.2 ± 6.9a 13.0 ± 6.5a 16.7 ± 6.2b  
Near-surface (cm) 19.1 ± 6.7A 24.4 ± 8.2B 29.3 ± 1.2C 
Elevated (m) 1.0 ± 0.7a 1.6 ± 0.4b 1.8 ± 0.3b 
 
 
3.3.4. Vegetation type flammability 
 There were no statistical differences for any flammability component (ignitability, 
sustainability, combustibility or consumability) amongst the three vegetation types (Figure 
3.2). Overall, TTI ranged from 25–45 s. Flame duration was sustained and ranged from 
170–230 s. Although the results show no statistical differences for MLR, the fastest rate of 
mass loss was for fuel from HI areas and the slowest for fuel from YGW. As described in 
Chapter 2, this could simply reflect the packing ratio of the leaves in the holder prior to 
combustion. The RMF only varied between 16–18% for the three vegetation types. 
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Figure 3. 3. Flammability measures including (a) time to ignition, (b) flame duration, (c) 
mass loss rate, (d) residual mass fraction of fuel from three different vegetation types 
(Yellow Box-Red Gum Grassy Woodland (YGW), sparsely invaded areas (SI) and areas 
heavily invaded by Cootamundra Wattle (HI)) at Red Hill Nature Reserve, ACT. Statistical 
comparisons (one-way ANOVA and Tukey’s HSD tests, significance level of 0.05) were 
made among fuel types. Different letters represent significant statistical differences among 
vegetation types. Bars represent mean values and error bars are standard error. 
 
  
 
 
 
 
a b 
c d 
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3.4. Discussion 
3.4.1. Alteration of the fuel and invasion by Cootamundra Wattle 
 The presence of a woody invasive species can change the fire behaviour or alter fire 
frequency through different mechanisms. Structural changes in the fuel are the most 
obvious modifications caused by the presence of invasive species (Pauchard et al. 2008; 
Berry et al. 2011). This study showed that Cootamundra Wattle altered the vertical 
structure of fine fuel in Yellow Box-Red Gum Grassy Woodland. In uninvaded areas, most of 
the fine fuel was in the 0–50 cm layer and was typically composed of native grasses with 
occasional herbs and forbs. Fine fuel was sparse above 50 cm height. In sparsely invaded 
areas there were only a few individuals of Cootamundra Wattle but their presence was 
enough to start to shift the vertical distribution of fine fuel towards the sub-canopy. In 
areas heavily invaded by Cootamundra Wattle there was a much greater distribution of fine 
fuel homogeneously spread from the ground up to 2 m. 
The organisation and distribution of fuel can be more useful for defining fire 
behaviour than fuel loads (Gould et al. 1997; Smith et al. 2004). However, quantifying fuel 
is still extremely important (Gould et al. 2011) and fire prediction models currently used by 
Australian authorities still use fuel load as an input (Gould et al. 2007a). The total fine fuel 
load measured in this study (0.41–0.86 kg m-2) is in the range of fine fuel load of grassy 
woodland predicted by the model developed by Thomas et al. (2014; 0.6–0.8 kg m-2). Most 
of the fine fuel was found in the litter layer (surface layer). The surface fine fuel of 
woodland ecosystems is typically composed of litter originating from the woody plants and 
the herbaceous layer (Raison et al. 1983; Birk and Bridges 1989) and is considered to be 
one of the most important fuel layers due to its influence on the ignitability and rates of fire 
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spread of a forest (Sullivan et al. 2012). Thomas et al. (2014) showed that the composition 
of the litter layer is strongly influenced by the leaf characteristics of the trees dominating 
that community. In Eucalyptus woodlands, the litter layer is expected to contain large 
amounts of relatively large leaves with high lignin content and therefore high flammability 
(Scarff and Westoby 2006). When the dominant species occurring in a community changes 
due to biological invasion, a change in the composition of the litter can be expected. The 
modification of the vertical fuel structure and the alteration of the leaves composing the 
litter layer are likely to be the main cause of any increase in fire hazard, frequency and 
behaviour in heavily invaded areas. 
With the exception of the bark layer, the FHS corresponded to the degree of invasion 
by Cootamundra Wattle. Due to the alteration of the vertical distribution of the fuel in 
heavily invaded areas, the fuel hazard was expected to be higher. However, such a clear 
difference in FHS between the sparsely invaded areas and the woodland were not expected. 
The presence of Cootamundra Wattle also increased the overall PCS and depth of the 
different fuel layers. As shown for African Olive, the invasion of native vegetation can alter 
the fuel load and architecture. The invasion process may be different for each invasive 
species and the consequences for the invaded ecosystems vary widely (Mandle et al. 2011). 
Similarly, the way in which the invasive species affects the fire regimes will vary.  
In this study, the flammability of fuel collected from the three different vegetation 
types did not vary. Plant species from different regions experience different fire regimes 
and exhibit adaptive responses to the direct effects of the fire (Schwilk and Ackerly 2001). 
Therefore it could be expected that invasive plants would have different flammability 
compared to native plants. This was evident in the study described in Chapter 2 where 
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certain components of flammability of fuel from African Olive was different from fuel from 
native eucalypt woodland. Cootamundra Wattle is a native species from eucalypt woodland 
and it developed under the same broad evolutionary conditions as the woodlands it 
invaded. It was hypothesised that the flammability of Cootamundra Wattle would not differ 
greatly compared to fuel from YellowBox-Red Gum Grassy Woodland.  
The presence of Cootamundra Wattle in the Red Hill Nature Reserve seems to be 
following the expected pathway found for other invasive woody weeds by changing the 
vertical distribution of fine fuel and consequently increasing the fire hazard. These changes 
could result in a positive feedback loop where the invasive species alter the environment 
favouring its own regeneration (Buckley et al. 2007). Cootamundra Wattle can recover 
after fire with mass germination of seed (Smith 1993; Morgan et al. 2002) and, together 
with short development time to reach maturity and high input of seed to the soil bank 
(Morgan et al. 2002), has the potential to become a highly invasive species. These results 
suggest that native weeds from similar habitats may not alter flammability but can change 
fuel loads and perhaps also fire behaviour. 
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4. Leaf functional traits and consequences for fire in eastern 
Australian forests and woodlands 
 
4.1. Introduction 
A plant functional trait is a term that has been broadly used to describe a plant 
attribute that can be measured for an individual but is relevant at an ecological 
organisation scale (Cunningham et al. 1999). Pérez-Harguindeguy et al. (2013) define plant 
functional traits as the characteristics (morphological, physiological, phenological) that 
constitute ecological strategies shaping plant responses to environmental factors, affecting 
other trophic levels and influencing ecosystem attributes. Drenovsky et al. (2012) state 
more simply that plant traits are measurable properties that can be scaled to populations, 
communities or ecosystems. 
 Plant functional traits have been shown to have strong connections with ecosystem 
processes while interactions and trade-offs among plant traits have been a long-standing 
focus of plant ecological studies (Diaz et al. 2004; Wright et al. 2004; Wright et al. 2007; 
Chapin et al. 2008; Donovan et al. 2011; Cardinale et al. 2012). There is an vast number of 
studies involving plant functional traits in a wide range of fields of science including 
botany, agriculture and forestry, and in different disciplines including conservation, 
evolution and ecology (Dickinson and Kirkpatrick 1985; Cunningham et al. 1999; 
Fernández-Escobar et al. 1999; Diaz et al. 2004; Wright et al. 2004; Dibble et al. 2007; 
Wright et al. 2007; Chapin et al. 2008; Pickett et al. 2009; Keeley et al. 2011; Schwilk and 
Caprio 2011; Cardinale et al. 2012; Dimitrakopoulos et al. 2013; Pérez-Harguindeguy et al. 
2013). 
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An array of functional traits have been recognised as determinants of species 
tolerance such that there is a feedback cycle between some functional traits and 
environmental processes (Scarff and Westoby 2006). For example, fire influences plant 
community composition and structure and fire is influenced by vegetation structure and 
composition, resulting in a complex relationship (Mandle et al. 2011). The flammability of 
individual plant species varies greatly and, depending on the composition of the fuel bed, 
can determine the characteristics of a single fire by influencing fire intensity and flame 
height (Whelan 1995). The vegetation can therefore determine the fire regime for a given 
area (Gill and Moore 1996; Pausas et al. 2004; Gill and Zylstra 2005; Scarff and Westoby 
2006; White and Zipperer 2010). Plant flammability relates to a set of traits that can be 
measured (Pérez-Harguindeguy et al. 2013) to give scientists an insight into fire ecology 
but can also provide land managers with knowledge on fuel hazard rating to improve fire 
management planning and fire behaviour prediction (Anderson 1970; Dimitrakopoulos 
and Papaioannou 2001).  
The general concept of flammability is defined by how easily a material will ignite 
and burn. From a technical point of view, flammability is composed of four different 
components: ignitability, sustainability, combustibility and consumability (Anderson, 1970; 
Martin et al. 1994). At the individual plant level, ‘ignitability’ is the time elapsed until 
ignition on exposure to a heat source; ‘sustainability’ is the ability to sustain fire once 
ignited; ‘combustibility’ is the rate of burn after ignition and; ‘consumability’ is the 
proportion of mass or volume consumed by fire. Flammability can be related to fire 
characteristics at an ecosystem level (Anderson, 1970; Martin et al. 1994) such that the 
ignitability of individual plants drives the pattern of ignition in an ecosystem. Sustainability 
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is related to the rate of fire spread and consumability is related to fire intensity. The 
consumability of vegetation is equivalent to the fuel load available for burning. These four 
components together with plant architecture will affect fire behaviour and fire intensity of 
planned or unplanned fires (Madrigal et al. 2009; Marino et al. 2010). 
Leaves are arguably the most important flammable structure of a plant (Gill and 
Moore 1996; Etlinger and Beall 2005; Murray et al. 2013) as they are the first part of a 
plant to burn (Pickett et al. 2009; Murray et al. 2013). There are few studies relating plant 
functional traits such as leaf size and area with flammability (Schwilk and Caprio 2011; 
Murray et al. 2013), and at present there is no standardisation among methodologies to 
allow complex comparisons between species (Dimitrakopoulos 2001; Etlinger and Beall 
2005; Scarff and Westoby 2006). Flammability has been shown to be associated with leaf 
length (Schwilk and Caprio 2011), width (Scarff and Westoby 2006), specific leaf area 
(SLA), thickness, moisture content and mass (Gill and Moore 1996; Dibble et al. 2007; 
Murray et al. 2013). Several studies have linked the mineral and heavy metal content of 
leaves to plant flammability (Philpot 1970; Gill and Moore 1996; Scarff and Westoby 2006). 
For example, the presence of large quantities of phosphorus (P) in leaves has been shown 
to influence leaf flammability by promoting high auto-ignition temperature (Scarff and 
Westoby 2008).  
It is well accepted that fire regimes can be altered due to biological invasion (Mack 
and D'Antonio 1998; Williams and Baruch 2000; Brooks et al. 2004; Dibble et al. 2007; 
Pauchard et al. 2008; Rew and Johnson 2010; Allen et al. 2011; Berry et al. 2011). Although 
there is evidence suggesting that exotic species can increase fire intensity and fire spread 
(Berry et al. 2011; Murray et al. 2013), the impact of woody plants on fire regimes can vary 
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significantly depending on the species involved (Mandle et al. 2011). Invasive plants 
change the nature of the fuel available for burning by presenting a different fuel 
arrangement (or architecture) compared to native vegetation but also by introducing 
different amounts and types of fuel with different chemical composition (Daehler 2003; 
Wright et al. 2007; Dawson et al. 2009; Fisher et al. 2009). The characterisation of leaf 
functional traits is therefore expected to be an effective method for determining the impact 
of invasive plant species on fire behaviour and fire regimes. Fernandes and Cruz (2012) 
argue that assessment of flammability under laboratory conditions is limited mostly by the 
scale of experimentation used and the difficulty in replicating the fuel bed found in natural 
conditions. Added to these limitations is the restriction that heat exposure is not 
comparable with natural conditions. The methodological limitations associated with 
flammability measurements are considered in this chapter and a new approach to assess 
and compare flammability among species is presented. 
This study involves an analysis of a range of common leaf traits, the mineral 
composition of leaves and their relationship to the four components of flammability. In 
order to investigate these aspects invasive and native vascular plants species from 
woodland forests of eastern Australia were used. The hypothesis that invasive plants have 
different intrinsic fuel properties from those found in native species (DeBano et al. 1998; 
Brooks et al. 2004) was tested. To test this hypothesis the following research questions 
were formulated: 
1. Do native and invasive plants differ in their leaf morphology and leaf flammability 
traits? 
2. Are leaf morphology and leaf flammability traits related? 
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4.2 Material and methods 
4.2.1 Site and species selection 
Sites were selected opportunistically depending on the presence of woody weeds in 
areas of intact native bushland in the Sydney Basin that were accessible and not legally 
protected in some way. A detailed description of the geology, climate and vegetation of the 
Sydney Basin bioregion can be found in Interim Biogeographic Regionalisation for 
Australia (IBRA7 2014) but a brief description is provided here. The Sydney Basin 
bioregion covers an area of approximately 44 000 km2 and represents about 4.5% of the 
area of New South Wales. It is located on the central east coast of New South Wales and 
extends from Batemans Bay northwards to Nelson Bay and westward to Mudgee. This 
bioregion includes a variety of landscapes mostly formed from sedimentary shale and 
sandstone and includes a range of topography and climates resulting in a variety of 
vegetation communities. Soil types vary from sandy soils in coastal areas to more 
developed coloured soils and well developed podsol types. The main native vegetation 
types sampled were the Cumberland Plains Woodland, Sydney Coastal Dry Sclerophyll 
Forest and Sydney Hinterland Dry Sclerophyll Forest (Keith 2004). Collection sites 
included Mount Annan (34° 3' 53.92" S, 150° 46' 13.40" E), Lawson (33° 43 '4.67" S, 150° 
25' 38.76" E), Glenbrook (33° 46' 11.28" S, 150° 37' 14.21" E), Springwood (33° 41' 50.43" 
S, 150° 34' 6.62" E), Picton (34° 11' 12.67" S, 150° 36' 40.54" E) and Concord (33° 50' 
32.22" S, 151° 5' 58.03" E). The climate for the Sydney Basin is mostly temperate with 
warm summers and no distinct dry season. A sub-humid climate occurs across large areas 
in the northeast, and a small area in the west of the bioregion around the Blue Mountains 
falls in a montane climate zone (Lawson, Glenbrook and Springwood). The mean annual 
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temperature ranges from 10–17 °C with minimum average monthly temperatures ranging 
from -1.4–8.1 °C and maximum average monthly temperatures varying from 22.4–31.9 °C. 
The annual rainfall varies from 522–2395 mm (IBRA7 2014).  
The woody weed species used in this study (Table 4.1) were considered to be 
invasive if they: (1) were generally targeted for treatment in fuel beds (e.g. Blackberry, 
Lantana, Privet); (2) are native to Australia but have become invasive outside of their 
native range (e.g. Cootamundra Wattle), or (3) are widely recognised as a non-native pest 
plant and are listed on the list of Weeds of National Significance (WoNS). The range of 
native plant species selected was based on their dominance in the sub-canopy of a given 
vegetation type (e.g. Angophora costata), ecological importance (e.g. Banksia serrata) and 
distribution (e.g. Acacia rubida) in terms of proportion of the fuel load within the forest 
stratum (Table 4.1). 
Green, fully expanded leaves (at least 30 leaves per individual) were collected 
randomly from three mature plants of each species and stored in sealed plastic bags until 
processing. Additional leaf material was collected from the same three individuals but was 
bulked into a single sample to ensure that there was enough material for determination of 
flammability traits and mineral composition. The samples did not include branches, twigs, 
roots, cones, flowers or fruits. 
 
4.2.2 Flammability traits 
Flammability was assessed using a mass-loss calorimeter (MLC; Fire Testing 
Technology; UK). The MLC consists of a conical heater capable of producing radiative fluxes 
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between 10 and 100 kW m-2 and a load cell to measure the change in mass of a sample over 
time. The cone heater and load cell are contained within a stainless steel enclosure, which 
is supplied with compressed air at a flow rate of 140 L min-1. A 60 cm stainless steel 
chimney on top of the enclosure contains thermocouples that are calibrated using high 
purity (99%) methane gas (BOC Ltd, North Ryde, NSW, Australia) to quantify heat release 
as described in the standard ISO 13927 (ISO, 2001). In the MLC, a sample holder (10 ×10 × 
5 cm) with a porosity of 27% was used to allow diffusion of air through the fuel samples. 
  
1
1
6
 
Table 4.1. Invasive and native plant species used in this study and location of collection. 
Species and authority Family  Common name Location  
Invasive species 
   Acacia baileyana F.Muell. Fabaceae Cootamundra Wattle Gleenbrook 
Acer negundo L. Sapindaceae Box Elder Gleenbrook  
Ageratina adenophora (Spreng.) King & H.Rob. Asteraceae Crofton Weed Picton 
Bambuseae spp. Poaceae Bamboo Picton 
Cestrum parqui L'Hér. Solanaceae Green Cestrum Concord 
Chrysanthemoides monilifera (L.) Norlindh Asteraceae Boneseed Picton 
Cinnamomum camphora (L.) J.Presl. Lauraceae Camphor Laurel Picton 
Cotoneaster coriaceus Franch. Rosaceae Cotoneaster Lawson 
Cystisus scoparius (L.)Link Fabaceae Scotch Broom Picton 
Erythrina crista-galli L. Fabaceae Brazilian Coral Tree Picton 
Hedera helix L. Araliaceae English Ivy Picton 
Lantana camara L. Verbenaceae Lantana Gleenbrook 
Ligustrum lucidum W.T.Aiton Oleaceae Broad-leaf Privet Lawson 
Ligustrum sinense Lour. Oleaceae Common Privet Springwood 
Ligustrum vulgare L. Oleaceae Chinese Privet Gleenbrook 
Lonicera japonica Thunb. Caprifoliaceae Japonese Honeysuckle Lawson 
Lycium ferocissimum Miers Solanaceae African Boxthorn Picton 
Olea europea subsp. cuspidata (Wall. Ec G.Don) Oleaceae African Olive Mount Annan 
Pinus radiata D. Don Pinaceae Radiata Pine Camden 
Pittosporum undulatum Vent. Pittosporaceae Pittosporum undulatum Lawson 
Prunus cerasifera Ehrh. Rosaceae Cherry Plum Lawson 
Pyracantha sp. Rosaceae Firethorn Picton 
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Table 4.1.  (cont.) 
 
   Species and Authority Family  Common name Location  
Rhamnus alaternus L. Rhamnaceae Buckthorn Lawson 
Rhus typhina L. Anacardiaceae Staghorn Sumac Glenbrook 
Ricinus communis L. Euphorbiaceae Castor Oil Plant Concord 
Rubus fruticosus agg. L. Rosaceae Blackberry Lawson 
Senna pendula var. glabrata Willd. Vogel Caesalpiniaceae Easter Cassia Glenbrook 
Solanum mauritianum Scop. Solanaceae Wild Tobacco Concord 
Ulex europeus L. Fabaceae Gorse Picton 
Vinca major L. Apocynaceae Bigleaf Periwinkle Lawson 
    Native species 
   Acacia implexa Benth. Fabaceae Lightwood Glenbrook 
Acacia parramattensis Tindale Fabaceae Parramatta Wattle Lawson 
Acacia rubida (A.Cunn.) Pedley Fabaceae  Red-stemmed Wattle Lawson 
Angophora costata (Gaertn.) Britten Myrtaceae Smooth-barked Apple Lawson 
Backhousia myrtifolia Hook. & Harv. Myrtaceae Grey Myrtle Lawson 
Banksia serrata L.f. Proteaceae Old Man Banksia Lawson 
Callicoma serratifolia Andrews Cunoniaceae Black Wattle Lawson 
Myrsine variabilis (R.Br.) Mez Myrsinaceae Muttonwood Springwood 
Smilax australis R.Br. Smilacaceae Lawyer Vine Springwood 
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For each species, three samples were oven-dried at 100 °C until constant weight 
was reached. The weight of each sample varied according to the species and leaf shape. 
The samples were trimmed to fit the holder to uniformly cover the exposed surface area 
and sample thickness was maintained at 5 cm. Burns were done in triplicate using an 
irradiance of 25 kW m-2 and a 10 kV spark igniter was used to provide piloted ignition. 
Heat rate release (HRR; kW m-2) and mass loss rate (MLR; gs-1) were recorded at 1 Hz 
and the time-to-ignition and flameout was recorded manually. The average effective 
heat of flaming combustion (AEHC; MJ kg-1) was calculated as the total heat release 
divided by the mass loss (MLCCalc; Fire Testing Technology, UK). 
Outputs from the MLC were related to the components of flammability as defined 
by Anderson (1970) and Martin et al. (1994). Ignitability was determined by measuring 
the time-to-ignition; sustainability was assessed from the duration of flames; 
combustibility was considered to be equivalent to the mass-loss rate (burning rate) and; 
consumability was regarded as the residual mass fraction of the material burnt. Average 
effective heat of combustion is a measure of ‘real world’ heat of combustion (the energy 
produced by combusting a substance in air) and was used in conjunction with data from 
the literature to determine the effect of invasive species on estimates of fireline 
intensity. 
To determine the gross heat of combustion of each species, a subsample of leaves 
(10 g) was oven-dried at 100 °C until constant weight was reached and finely ground 
using a bench grinder (MZ1000, RETSCH, Germany). One bulked sample per species was 
combusted in an oxygen bomb calorimeter (6400 Automatic Isoperibol Calorimeter, 
Parr Instrument Company, Illinois, USA). In a bomb calorimeter, electrical energy is 
used to ignite the fuel; as the fuel is burning, it will heat up the surrounding air, which 
expands and escapes through a tube that leads the air out of the calorimeter. When the 
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air is escaping through the copper tube it will also heat up the water outside the tube. 
The temperature of the water allows for calculating calorie content of the fuel. The gross 
heat of combustion (HoC) can be used as an accurate measure to calculate the fire 
intensity through the equation presented by Byram (1959).  
 The instrument calculates the gross heat of combustion by: 
 
   
           
 
 
[4.1] 
 
where: 
Hc = gross heat of combustion (J g-1) 
T = observed temperature rise (°C) 
W = Energy equivalent of the calorimeter in calories per °C. The energy equivalent is 
determined by standardizing the calorimeter. In this case with 1 g of Benzoic Acid. 
e1 = heat produced by burning the nitrogen portion of the air trapped in the bomb to 
form nitric acid (°C) 
e2 = heat produced by the formation of sulphuric acid from the reaction of sulphur 
dioxide, water and oxygen (°C) 
e3 = heat produced by heating wire and cotton thread (°C) 
m = sample mass (g) 
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4.2.3. Leaf traits 
Fully expanded leaves from three mature plants (n = 20) from each species were 
used to determine fresh weight and leaf dimensions. Length, width and thickness were 
measured with a digital caliper to the nearest 0.001 mm. Leaf surface area was 
measured using a LI-COR portable leaf area meter (LI-3000C, Lincoln, USA) fitted with a 
LI-3050C Transparent Belt Conveyor Accessory. The petiole was included in the 
measurement as recommended by Westoby (1998). The fresh weights of the same 
leaves was measured to the nearest 0.001 g (PB303-S Mettler Toledo Delta Range® 
balance, Mettler Toledo Ltd., Australia) prior to oven-drying at 60 ˚C to constant weight 
for calculation of moisture content. The specific leaf area (SLA) was calculated by 
dividing the leaf surface area per dry mass for each individual leaves. 
4.2.4. Leaf chemistry 
 A subsample of leaves (n = 20) collected for each species was oven-dried at 60 ˚C 
to constant weight and ground to a fine powder in a mortar grinder (MZ1000, RETSCH, 
Germany) and analysed for total carbon (C) and nitrogen (N) by dry combustion 
(Elementar Vario Max CNS Analysensysteme GmbH, Hanau, Germany). The same leaf 
samples were used for determination of major and minor nutrients (Al, B, Ca, Cu, Fe, K, 
Mg, Mn, Na, P, S and Zn). The samples were analysed by a commercial company (CSBP 
Soil and Plant Analysis Lab, Bibra Lake, Western Australia) after digestion with 5 mL of 
nitric acid using a Milestone Ethos-1 microwave digester (Milestone Inc., USA). The 
elemental concentrations in the digests were determined by atomic absorption 
spectrometry (Vista Pro Inductively Coupled Plamsa-Optical Emission 
Spectrophotometer (ICP-OES), Varian Analytical Instruments, Palo Alto, USA). 
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4.2.5. Statistical analysis 
 A Pearson’s correlation matrix analysis was used to explore and determine 
whether there were relationships among leaf traits [leaf surface area (LSA), thickness, 
length, width, leaf dry mass (LDM) and specific leaf area (SLA)], and flammability traits 
[gross heat of combustion (HoC), time to ignition (TTI), flame duration (FD), residual 
mass fraction (RMF), mean heat rate release (Mean HRR), peak heat rate release (peak 
HRR), mean energy heat of combustion (mean EHC) and peak mass loss rate (peak 
MLR)]. The relationships identified by the Pearson’s correlation matrix were then 
plotted and a regression curves were fitted in order to explain the strength of 
relationships.    
A factor analysis (Principal Component Analysis (PCA); rotation method Varimax 
with Kaiser normalisation (SPSS version 20) was done to explore the relationships 
among native and invasive species and flammability and leaf traits. This analysis 
attempted to identify underlying variables capable of explaining the distribution of the 
data points in two groups (native and invasive species). The factor analysis was used to 
reduce the data pool to a small number of factors capable of explaining most of the 
variance in the data. Any variable that did not meet the criteria of sampling adequacy 
(larger than 0.50) was removed from the analysis and the analysis was repeated. To 
visualise whether the groups had a consistent composition or showed variable patterns, 
a cluster analysis of the flammability-leaf traits factors and species relationship was 
done by constructing dendrograms using Ward’s inertia method (SPSS version 20) 
One-way ANOVA was done using the condition (native or invasive species) and 
factor scores from the PCA to confirm similarities and differences. The same analyses 
were made comparing the groups resulting from the dendograms and the PCA factor 
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scores to identify any possible patterns between species and flammability and/or leaf 
traits. 
To rank the flammability of each species tested, a multi-criteria analysis of 
flammability traits was done. Each component of flammability can be directly related to 
a measurement done by the mass loss calorimeter. Time to ignition relates to 
ignitability with the shortest time indicating greater flammability. Flame duration 
relates to sustainability with the longest time indicating greater residence time of fire. 
Similarly, mass loss rate relates to combustibility such that a faster rate indicates 
greater combustibility. Consumability is directly related to the residual mass fraction of 
the fuel remaining therefore smaller values indicate greater fuel consumption. On the 
basis of these rules, data was normalised to a linear scale of zero to 100. For example, 
the species with leaves that ignited the fastest was assigned a score of 100 and the 
species with leaves that took the longest time to ignite was assigned a score of 0 with 
the remaining species scaled between these two extremes. These scores were 
multiplied by a weighting factor and added together to produce an overall score which 
was then ranked. As it is uncertain what the weightings for flammability components 
should be, the same weight was given to each component (although it could be argued 
that without ignition the others are irrelevant). A Monte-Carlo analysis in which the 
input parameters values were substituted by probability density functions (PDFs) was 
done. The input values of the scaled TTI, FD, MLR and RMF parameters were fitted by 
using normally distributed PDFs constrained between the minimum and maximum 
values measured for each species. The weightings were fitted to a skewed Gaussian 
distribution, constrained between 0 and 1, that kept the mean weighting for each 
flammability parameter at 0.25. This was done to ensure that the average sum of 
weights over the simulations remained at 1. An a priori estimation of the initial number 
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of iterations for the Monte-Carlo analysis needed to produce an analysis where the true 
mean of the distribution lies within 1% of the estimate was 45 000. After the analysis, 
the true error of the estimated mean was calculated as 0.38%. For each iteration of the 
Monte-Carlo analysis, the species were ranked in order of their flammability based on 
the weighted score calculated for each species. The frequency that each species 
occurred at each rank was calculated as a proportion of the total number of iterations in 
the simulation. 
 
4.4. Results 
4.4.1. Leaf functional traits and flammability 
The size of leaves of invasive species ranged over two orders of magnitude with 
the smallest leaf being less that 2 cm2 (Acacia baileyana) to over 500 cm2 (Ricinus 
communis; Table 4.2). The leaves of native species were more moderately-sized with the 
largest leaf being just over 30 cm2 (Calicoma seratifolia) and the smallest around 
0.6 cm2. Leaf thickness ranged from 0.12 to 0.48 mm and there were no significant 
differences between natives and invasive species (one-way ANOVA, P = 0.450). Leaf 
length ranged from 1.37 to 26.16 cm but there were no statistical differences between 
natives and invasive species (one-way ANOVA, P = 0.851). 
Of the flammability-related traits measured (i.e. TTI, FD, peak MLR, mean EHC, 
mean HRR, peak HRR, RMF and HoC), only two were found to be statistically different 
between invasive and native species (Table 4.3). The gross heat of combustion of 
invasive species ranged from 16.5 to 21.1 MJ kg-1 while native species had a range from 
17.1 to 22.0 MJ kg-1 (one-way ANOVA, P = 0.020). The residual mass fraction was also 
statistically different between native and invasive species (one-way ANOVA, P = 0.030) 
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and from 3–21% of the original mass was left after combustion of invasive plant 
material while the residual mass fraction for native species ranged from 6–19%. 
Leaf chemistry analysis showed large variation in concentration of N, B, Ca, Cu, K, 
Mg, P, S, and Zn among species (Table 4.4). The proportion of P in leaves of invasive 
species ranged from 0.07–0.43% and from 0.02–0.12% for native species. Leaves of 
invasive species also had higher proportions of K ranging from 0.62–4.20% while for 
natives species the range was much smaller (0.16–0.90%). When grouped together, the 
invasive species had significantly higher proportions of N (one-way ANOVA, P = 0.008), 
B (P = 0.002), Ca (P = 0.002), Cu (P = 0.013), K (P = 0.005), Mg (P = 0.006), P (P = 0.001), 
S (P = 0.018) and Zn (P = 0.051) compared to native species. 
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Table 4.2. Plant functional traits including leaf surface area, thickness, length, width, leaf dry mass and specific leaf area from invasive 
and native species occurring in the study sites in New South Wales, Australia. Values are mean ± standard deviation (n = 20). 
 
Leaf surface area 
(cm2) 
Thickness 
(mm) 
Length 
(cm)  
Width  
(cm) 
Leaf dry mass 
(g) 
Specific leaf 
area (m2 kg-1) 
Invasive species 
      Acacia baileyana 1.90 ± 0.29 0.21 ± 0.04 2.43 ± 0.24 1.26 ± 0.22 0.018 ± 0.054 14.87 ± 4.32
Acer negundo 26.62 ± 8.76 0.27 ± 0.06 9.95 ± 1.52 4.68 ± 1.12 0.289 ± 0.011 9.59 ± 1.56 
Ageratina adenophora 35.75 ± 6.07 0.27 ± 0.05 10.72 ± 2.32 6.61 ± 0.73 0.115 ± 0.149 6.20 ± 1.19 
Bambuseae spp. 16.45 ± 6.02 0.12 ± 0.02 11.97 ± 3.16 1.98 ± 0.28 0.095 ± 0.030 20.76 ± 2.72 
Cestrum parqui 28.86 ± 7.22 0.17 ± 0.02 14.12 ± 1.84 3.68 ± 0.52 0.075 ± 0.097 7.55 ± 0.75 
Chrysanthemoides monilifera 6.59 ± 3.47 0.32 ± 0.04 5.93 ± 0.77 1.95 ± 0.61 0.061 ± 0.093 3.68 ± 0.37 
Cinnamomum camphora 26.27 ± 9.90 0.24 ± 0.03 10.16 ± 2.45 4.52 ± 0.95 0.286 ± 0.141 7.82 ± 0.42 
Cotoneaster coriaceus 8.99 ± 2.28 0.27 ± 0.03 5.42 ± 0.66 2.62 ± 0.37 0.115 ± 0.032 7.47 ± 0.99 
Cytisus scoparius 0.58 ± 0.13 0.17 ± 0.01 1.37 ± 0.27 0.85 ± 0.48 0.003 ± 0.002 8.90 ± 1.75 
Erythrina crista-galli 91.88 ± 41.60 0.22 ± 0.04 13.36 ± 4.68 11.44 ± 3.52 0.267 ± 0.313 9.72 ± 1.88 
Hedera helix 49.61 ± 26.35 0.33 ± 0.06 8.98 ± 2.68 8.30 ± 2.45 0.501 ± 0.397 6.56 ± 0.70 
Lantana camara 32.34 ± 14.54 0.27 ± 0.06 8.93 ± 2.13 5.38 ± 1.38 0.126 ± 0.182 8.89 ± 1.11 
Ligustrum lucindum 27.89 ± 9.14 0.21 ± 0.02 13.31 ± 2.50 3.44 ± 0.59 0.255 ± 0.150 6.96 ± 0.76 
Ligustrum sinense 28.20 ± 8.52 0.29 ± 0.04 9.67 ± 1.88 4.49 ± 0.83 0.262 ± 0.201 6.01 ± 1.76 
Ligustrum vulgare 3.70 ± 1.93 0.15 ± 0.03 3.34 ± 1.01 1.64 ± 0.36 0.017 ± 0.025 10.24 ± 1.69 
Lonicera japonica 14.77 ± 4.56 0.23 ± 0.04 7.59 ± 1.32 3.15 ± 0.53 0.077 ± 0.095 8.30 ± 3.19 
Lycium ferocissimum 1.83 ± 0.49 0.35 ± 0.07 2.65 ± 0.48 1.32 ± 0.39 0.009 ± 0.031 2.89 ± 0.45 
Olea europea sp. cuspidata 8.43 ± 2.90 0.33 ± 0.05 8.22 ± 1.26 1.69 ± 0.39 0.123 ± 0.041 4.87 ± 0.98 
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Table 4.2. (cont.)       
 
Leaf surface area 
(cm2) 
Thickness 
(mm) 
Length 
(cm)  
Width  
(cm) 
Leaf dry mass 
(g) 
Specific leaf 
area (m2 kg-1) 
Pittosporum undulatum 14.54 ± 2.79 0.24 ± 0.03 9.43 ± 0.97 2.61 ± 0.31 0.189 ± 0.050 6.91 ± 0.54 
Prunus cerasifera 18.10 ± 4.73 0.25 ± 0.04 7.89 ± 1.11 3.83 ± 0.61 0.132 ± 0.729 10.65 ± 2.67 
Pyracantha sp. 1.95 ± 0.61 0.24 ± 0.03 3.19 ± 1.02 1.25 ± 0.47 0.024 ± 0.009 8.11 ± 1.14 
Rhamnus alaternus 5.48 ± 2.97 0.33 ± 0.05 4.34 ± 1.11 1.91 ± 0.51 0.065 ± 0.074 5.41 ± 1.20 
Rhus typhina 31.19 ± 7.22 0.16 ± 0.03 12.24 ± 1.95 4.00 ± 0.57 0.120 ± 0.081 10.58 ± 1.09 
Ricinus communis 553.21 ± 128.11 0.22 ± 0.03 26.16 ± 3.17 34.78 ± 3.97 4.044 ± 2.643 6.12 ± 0.57 
Rubus fruticosus agg. 12.13 ± 4.28 0.22 ± 0.05 5.57 ± 1.61 3.20 ± 0.59 0.073 ± 0.049 9.37 ± 1.01 
Senna pendula var. glabrata 6.51 ± 2.10 0.15 ± 0.04 4.69 ± 1.27 1.95 ± 0.18 0.025 ± 0.020 11.85 ± 1.46 
Solanum mauritianum 147.64 ± 34.88 0.48 ± 0.04 24.42 ± 3.09 9.68 ± 1.08 0.916 ± 0.545 6.66 ± 0.59 
Vinca major 11.09 ± 3.01 0.33 ± 0.06 6.28 ± 0.88 3.04 ± 0.50 0.120 ± 0.080 4.26 ± 0.39 
Native species 
      Acacia implexa 12.26 ± 4.27 0.27 ± 0.03 12.85 ± 1.9 1.70 ± 0.42 15.48 ± 0.096 5.97 ± 1.53 
Acacia paramatensis 1.87 ± 0.44 0.19 ± 0.05 3.8 ± 0.51 0.91 ± 0.44 0.024 ± 0.005 7.92 ± 1.21 
Acacia rubida 14.11 ± 4.09 0.36 ± 0.03 12.2 ± 1.52 1.94 ± 0.37 0.260 ± 0.085 5.43 ± 0.33 
Angophora costata 22.94 ± 5.90 0.37 ± 0.04 13.42 ± 1.40 2.98 ± 0.65 0.352 ± 0.149 6.91 ± 1.21 
Backhousia myrtifolia 13.74 ± 4.34 0.27 ± 0.03 7.67 ± 1.47 2.94 ± 0.50 0.182 ± 0.075 8.21 ± 3.34 
Banksia serrate 15.87 ± 6.95 0.44 ± 0.06 9.08 ± 2.73 2.53 ± 0.54 0.239 ± 0.106 6.70 ± 0.72 
Calicoma seratifolia 31.72 ± 16.33 0.35 ± 0.06 10.97 ± 2.22 4.38 ± 1.36 0.414 ± 0.221 7.81 ± 0.60 
Myrsina variabilis 16.43 ± 6.21 0.33 ± 0.04 7.99 ± 1.62 3.17 ± 0.61 0.253 ± 0.160 6.98 ± 1.60 
Smilax australis 13.07 ± 4.93 0.37 ± 0.05 6.23 ± 1.00 3.10 ± 0.67 0.191 ± 0.076 6.97 ± 0.91 
Melaleuca sp.  0.61 ± 0.11 0.17 ± 0.01 2.15 ± 0.32 0.63 ± 0.25 0.006 ± 0.003 13.25 ± 14.71 
  
 
1
2
7
 
Table 4.3. Time to ignition (TTI), flame duration (FD), peak mass loss rate (Peak MLR), mean energy heat of combustion (Mean EHC), 
mean heat rate release (Mean HRR), peak heat rate release (Peak HRR), residual mass fraction (RMF) and gross heat of combustion (HoC) 
of invasive and native species occurring in dry eucalypt forests and woodlands in NSW, Australia. Values are mean ± standard deviation (n 
= 3); Values for gross heat of combustion were based on a single bulked sample. 
 
TTI 
(s) 
FD 
(s) 
Peak MLR 
(g s-1) 
Mean EHC 
(MJ kg-1) 
Mean HRR 
(kW m-²) 
Peak HRR 
(kW m-²) 
RMF 
(%) 
HoC 
(MJ kg-1) 
Invasive species         
Acacia baileyana 18 ± 8 278 ± 33 0.22 ± 0.17 17.99 ± 0.87 97 ± 7 155 ± 11 17 ± 3 21.14 
Acer negundo 44 ± 16 39 ± 8 0.13 ± 0.01 13.83 ± 0.86 122 ± 17 149 ± 20 13 ± 1 18.20 
Ageratina adenophora 14 ± 5 71 ± 19 0.20 ± 0.06 13.46 ± 0.32 133 ± 17 163 ± 14 15 ± 3 16.96 
Bambuseae spp. 9 ± 1 52 ± 6 0.25 ± 0.03 13.53 ± 0.77 174 ± 10 214 ± 3 10 ± 2 18.38 
Cestrum parqui 7 ± 1 54 ± 4 0.11 ± 0.02 15.40 ± 2.93 116 ± 3 139 ± 2 16 ± 2 17.12 
Chrysanthemoides monilifera 12 ± 5 107 ± 3 0.19 ± 0.05 14.43 ± 0.87 149 ± 15 187 ± 19 11 ± 2 19.92 
Cinnamomum camphora 6 ± 1 63 ± 9 0.13 ± <0.01 14.59 ± 0.35 139 ± 13 175 ± 10 9 ± 2 19.33 
Cotoneaster coriaceus 9 ± 6 99 ± 20 0.17 ± 0.04 16.29 ± 3.36 153 ± 7 202 ± 5 12 ± 2 18.77 
Cystisus scoparius 23 ± 2 417 ± 50 0.10 ± <0.01 18.42 ± 2.76 107 ± 4 151 ± 2 18 ± 2 19.53 
Erythrina crista-galli 7 ± 6 70 ± 11 0.12 ± 0.02 16.43 ± 2.49 102 ± 4 126 ± 10 11 ± 2 18.51 
Hedera helix 16 ± 13 98 ± 6 0.23 ± 0.12 15.90 ± 0.34 151 ± 11 194 ± 18 13 ± 2 18.05 
Lantana camara 15 ± 1 17 ± 1 0.18 ± 0.07 9.56 ± 0.31 95 ± 2 158 ± 5 15 ± 3 18.31 
Ligustrum lucindum 17 ± 1 66 ± 4 0.16 ± 0.02 16.35 ± 3.67 152 ± <1 188 ± <1 10 ± 1 18.80 
Ligustrum sinense 8 ± 2 107 ± 23 0.14 ± 0.02 13.65 ± 1.10 153 ± 11 208 ± 12 12 ± 2 19.53 
Ligustrum vulgare 11 ± 6 165 ± 28 0.13 ± 0.03 17.69 ± 0.98 123 ± 20 163 ± 17 14 ± 1 18.89 
Lonicera japonica 12 ± 3 89 ± 11 0.13 ± <0.01 17.34 ± 0.41 131 ± 8 160 ± 10 13 ± 2 20.43 
Lycium ferocissimum 58 ±6 211 ± 60 0.13 ± 0.05 17.59 ± 0.63 119 ± 26 147 ± 26 21 ± 3 20.98 
Olea europea subsp. cuspidata 22 ± 3 163 ± 10 0.22 ± 0.03 18.59 ± 4.29 172 ± 11 261 ± 28 18 ± 8 20.21 
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Table 4.3. (cont.)         
 TTI 
(s) 
FD 
(s) 
Peak MLR 
(g s-1) 
Mean EHC 
(MJ kg-1) 
Mean HRR 
(kW m-²) 
Peak HRR 
(kW m-²) 
RMF 
(%) 
HoC 
(MJ kg-1) 
Pinus radiata 33 ± 3 178 ± 16 0.17 ± 0.01 15.17 ± 1.49 138 ± 10 201 ± 12 15 ± 4 19.87 
Pittosporum undulatum 11 ± 4 103 ± 15 0.13 ± 0.01 15.31 ± 1.73 140 ± 11 183 ± 15 11 ± 1 19.53 
Prunus cerasifera 15 ± 3 68 ± 20 0.12 ± 0.02 17.01 ± 0.59 115 ± 12 142 ± 11 10 ± 3 18.60 
Pyracantha sp. 15 ± <1 220 ± 28 0.21 ± 0.13 20.17 ± 1.72 152 ± 6 197 ± 12 14 ± 1 22.11 
Rhamnus alaternus 24 ± 13 78 ± 7 0.15 ± 0.02 17.13 ± 0.96 151 ± 10 186 ± 14 14 ± 2 18.95 
Rhus typhina 7 ± 6 82 ± 16 0.10 ± 0.02 12.86 ± 0.51 94 ± 8 116 ± 7 12 ± 2 18.38 
Ricinus communis 21 ± 7 150 ± 22 0.10 ± 0.01 15.99 ± 0.80 98 ± 12 125 ± 15 21 ± 1 17.73 
Rubus fruticosus agg. 24 ± 15 39 ± 13 0.25 ± 0.11 14.06 ± 0.91 146 ± 8 183 ± 14 8 ± 2 18.98 
Senna pedula var. glabrata 18 ± 2 108 ± 11 0.24 ± 0.23 18.80 ± 2.62 124 ± 3 156 ± 6 16 ± 1 16.53 
Solanum mauritianum 10 ± 2 120 ± 30 0.10 ± 0.01 17.78 ± 2.10 113 ± 26 145 ± 22 17 ± 4 18.32 
Ulex europaeus 56 ± 11 20 ± 5 0.26 ± 0.04 12.23 ± 0.05 168 ± 26 221 ± 26 3 ± 1 18.45 
Vinca major 19 ± 4 118 ± 9 0.14 ± <0.01 17.57 ± 1.96 167 ± 10 213 ± 17 11 ± 3 19.74 
Native species 
        Acacia implexa 17 ± 4 93 ± 23 0.15 ± 0.03 16.43 ± 0.41 150 ± 13 193 ± 15 8 ± 1 20.92 
Acacia paramatensis 33 ± 9 372 ± 68 0.15 ± 0.03 16.22 ± 2.03 92 ± 8 146 ± 12 19 ± 2 20.61 
Acacia rubida 24 ± 12 64 ± 7 0.17 ± 0.02 14.40 ± 2.26 140 ± 5 176 ± 9 7 ± 1 22.02 
Angophora costata 19 ± 8 59 ± 1 0.34 ± 0.18 11.11 ± 3.05 157 ± 1 201 ± 9 7 ± 1 20.51 
Backhousia myrtifolia 7 ± 4 57 ± 3 0.23 ± 0.05 14.88 ± 1.19 219 ± 33 283 ± 43 6 ± 1 19.89 
Calicoma seratifolia 22 ± 16 64 ± 11 0.17 ± 0.02 14.93 ± 1.41 149 ± 11 187 ± 17 11 ± 2 19.13 
Myrsina variabilis 8 ± 8 91 ± 11 0.17 ± 0.05 16.56 ± 0.74 157 ± 4 205 ± 9 6 ± 1 21.67 
Smilax australis 108 ± 55 45 ± 7 0.17 ± 0.04 13.52 ± 2.52 151 ± 11 187 ± 13 10 ± 2 17.10 
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Table 4.4. Elemental composition of leaves of invasive and native species. (C = carbon, N = nitrogen, Ca = calcium, K = potassium, Mg = 
magnesium, P = phosphorous, S = sulphur, B = boron, Cu = copper, Fe = iron, Mn = manganese). Values are based on a single bulked 
sample of 20 leaves of each species. 
  
C 
(%) 
N 
(%) 
C:N 
ratio 
Ca 
(%) 
K 
(%) 
Mg 
(%) 
P 
(%) 
S 
(%) 
B 
(mg kg-1) 
Cu 
(mg kg-1) 
Fe 
(mg kg-1) 
Mn 
(mg kg-1) 
Invasive species  
 
 
          Acacia baileyana 53.52 2.78 19.28 0.39 0.83 0.23 0.11 0.13 148.77 5.27 139.63 37.62 
Acer negundo 47.79 1.23 38.76 2.41 0.93 0.31 0.09 0.18 209.98 6.24 131.63 70.12 
Ageratina adenophora 43.79 2.43 18.03 1.20 2.01 0.79 0.16 0.21 153.62 10.7 2439.88 286.77 
Bambuseae spp. 45.78 2.49 18.38 0.37 0.93 0.20 0.15 0.16 109.48 7.54 1018.26 80.43 
Cestrum parqui 43.56 4.05 10.76 1.62 4.20 0.38 0.32 0.39 110.08 15.18 95.10 19.39 
Chrysanthemoides monilifera 49.38 1.04 47.55 1.06 0.93 0.42 0.09 0.14 132.56 8.75 90.44 480.13 
Cinnamomum camphora 50.02 2.38 21.01 1.10 1.23 0.34 0.13 0.18 70.26 8.17 116.31 237.72 
Cotoneaster coriaceus 49.38 1.27 38.82 1.49 0.84 0.46 0.10 0.07 69.59 5.96 207.75 96.77 
Cystisus scoparius 50.40 3.48 14.48 0.63 0.76 0.37 0.16 0.15 63.07 5.19 209.88 234.87 
Erythrina crista-galli 46.62 2.99 15.61 1.60 0.76 0.82 0.15 0.20 89.06 4.98 139.08 90.96 
Hedera helix 46.05 1.83 25.19 2.50 1.00 0.76 0.17 0.19 72.02 5.11 199.36 186.02 
Lantana camara 46.82 2.52 18.59 1.75 1.95 0.53 0.15 0.19 84.75 17.58 239.50 157.37 
Ligustrum lucindum 48.83 1.56 31.31 2.26 0.98 0.57 0.12 0.33 67.81 16.92 120.20 130.66 
Ligustrum sinense 50.29 1.69 29.72 1.09 0.62 0.27 0.10 0.11 56.72 8.90 506.68 319.44 
Ligustrum vulgare 47.36 2.11 22.48 1.25 1.07 0.50 0.12 0.20 54.66 8.27 663.58 346.80 
Lonicera japonica 47.86 1.75 27.28 1.00 1.69 0.44 0.11 0.17 65.62 5.86 80.13 60.64 
Lycium frocissimum 42.85 3.23 13.25 1.16 1.27 0.94 0.29 0.32 54.83 18.13 271.90 302.76 
Olea europea subsp. cuspidata 50.00 1.66 30.12 0.94 0.71 0.12 0.15 0.11 42.72 7.59 130.75 22.43 
Pittosporum undulatum 49.91 0.97 51.3 1.10 1.87 0.21 0.07 0.08 68.56 4.50 352.40 619.94 
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Table 4.4 (cont.) 
  
C 
(%) 
N 
(%) 
C:N 
Ratio 
Ca 
(%) 
K 
(%) 
Mg 
(%) 
P 
(%) 
S 
(%) 
B 
(mg kg-1) 
Cu 
(mg kg-1) 
Fe 
(mg kg-1) 
Mn 
(mg kg-1) 
Prunus cerasifera 49.24 1.23 39.99 1.47 0.97 0.28 0.07 0.1 48.83 4.82 178.60 102.64 
Pyracantha sp. 50.42 1.78 28.39 1.03 0.65 0.28 0.12 0.11 45.44 6.11 214.07 46.01 
Rhamnus alaternus 50.49 1.08 46.7 0.75 1.08 0.20 0.09 0.08 60.26 4.57 67.01 322.60 
Rhus typhina 47.18 3.13 15.07 1.84 1.65 0.21 0.33 0.16 64.71 10.21 140.09 28.57 
Ricinus communis 45.63 4.93 9.25 2.30 1.55 0.36 0.43 0.39 51.20 8.74 212.51 41.50 
Rubus fruticosus agg. 48.60 2.28 21.32 1.07 1.05 0.48 0.15 0.14 55.75 7.20 106.73 229.31 
Senna pedula var. glabrata 43.48 2.26 19.26 2.86 1.70 0.38 0.17 0.36 53.71 8.11 255.46 50.66 
Solanum mauritianum 46.53 3.49 13.35 2.58 0.97 0.20 0.22 0.29 56.00 7.57 174.97 18.79 
Ulex europeus 49.37 1.69 29.28 0.13 0.76 0.12 0.07 0.08 26.41 3.78 101.79 33.94 
Vinca major  49.72 1.72 28.94 1.40 1.73 0.25 0.07 0.13 50.05 7.83 102.64 66.50 
Native species 
 
 
          Acacia implexa 52.41 2.37 22.12 0.49 0.81 0.39 0.09 0.13 29.33 10.5 294.52 234.29
Acacia paramatensis 52.86 2.76 19.19 0.65 0.9 0.25 0.12 0.15 31.83 5.65 118.69 58.78 
Acacia rubida 51.72 1.16 44.59 0.36 0.57 0.21 0.07 0.10 27.36 2.95 47.30 246.36 
Angophora costata 53.83 0.83 65.14 0.32 0.52 0.24 0.04 0.06 20.54 4.53 44.58 82.97 
Backhousia myrtifolia 51.56 0.84 61.13 0.81 0.85 0.21 0.06 0.05 27.59 5.31 821.8 62.53 
Banksia serrate 52.62 0.44 119.7 0.24 0.16 0.14 0.02 0.04 24.25 1.60 66.06 280.94 
Callicoma seratifolia 50.18 1.12 44.92 0.98 0.44 0.18 0.05 0.22 23.91 4.95 85.02 443.81 
Casuarina sp. 48.78 1.4 34.79 0.95 0.67 0.21 0.07 0.09 116.58 3.01 153.76 358.98 
Melaleuca sp. 50.08 1.78 28.12 1.11 0.54 0.16 0.07 0.09 41.25 9.49 87.12 16.94 
Myrsine variabilis 54.84 0.91 60.38 0.22 0.48 0.16 0.03 0.15 21.06 3.20 107.65 219.28 
Smilax australis 58.84 1.23 47.9 0.97 0.86 0.10 0.04 0.10 4.03 3.97 40.69 137.15 
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4.4.2. Leaf morphology and flammability traits correlations 
 There were few strong relationships among leaf morphology and flammability 
traits (Table 4.5). Leaf length and flame duration were negatively correlated 
(Pearson’s correlation; P <0.001) for both native (R2 = 0.3488) and invasive species 
(R2 = 0.5275). When natives and invasive species were grouped together, the 
regression was also significant (Figure 4.1; R2 = 0.4927). Mean EHC and leaf length 
were negatively correlated but the association for native species (Figure 4.2) was 
weak (R2 = 0.1219), as was the association for invasive species (R2 = 0.3538) and 
when all plants were grouped together (R2 = 0.3398). Pearson’s correlation identified 
a correlation between HoC and leaf width (Pearson’s correlation; P = 0.029) 
However, the regression curves had low R2 values for were considered too low for 
native species (R2 = 0.1466), invasive species (R2 = 0.0817) and when both groups 
were considered together (R2 = 0.1027). A weak negative correlation (Pearson’s 
correlation; P = 0.017) was also found between flame duration and leaf width. For 
this pairing, the regression curves (Figure 4.3) for native species (R2 = 0.6159), 
invasive species (R2 = 0.462) and both plant groups together (R2 = 0.4415) were 
reasonably strong. 
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Table 4.5. Pearson correlation matrix for leaf and flammability traits of native and invasive species (HoC = Gross heat of 
combustion, RMF = Residual mass fraction, TTI = Time to ignition, Mean HRR = mean heat rate release, Peak HRR = peak heat rate 
release, Peak MLR = mass loss rate, Mean EHC = mean energy heat of combustion, LSA = leaf surface area, LDM = Leaf dry mass 
and SLA = specific leaf area). n = 36. Numbers in bold indicate significant interactions. * Correlation is significant at the 0.05 level 
(two-tailed). ** Correlation is significant at the 0.01 level (two-tailed). 
    
TTI 
(s) 
FD 
(s) 
Peak 
MLR 
(g s-1) 
Mean EHC 
(MJ kg-1) 
Mean HRR 
(kW m-²) 
Peak HRR 
(kW m-²) 
RMF 
(%) 
HoC 
(MJ kg-1) 
LSA  Pearson correlation -0.205 -0.262 -0.250 -0.122 -0.224 -0.283 0.037 -0.259 
 
Significance 0.231 0.123 0.141 0.477 0.189 0.095 0.829 0.127  
Thickness Pearson correlation 0.293 -0.248 0.074 -0.135 0.297 0.303 -0.237 0.100 
 
Significance 0.083 0.144 0.666 0.434 0.078 0.073 0.164 0.561 
Length Pearson correlation -0.266 -0.513** -0.121 -0.377* 0.006 -0.090 -0.264 -0.125 
 
Significance 0.117 0.001 0.484 0.023 0.972 0.601 0.120 0.466 
Width Pearson correlation -0.193 -0.395* -0.196 -0.242 -0.198 -0.275 -0.032 -0.364* 
 
Significance 0.261 0.017 0.251 0.154 0.248 0.104 0.852 0.029 
LDM Pearson correlation -0.033 -0.056 -0.052 0.028 0.084 0.073 -0.208 0.200 
 
Significance 0.850 0.747 0.763 0.871 0.625 0.672 0.223 0.242 
SLA Pearson correlation -0.190 0.019 0.210 -0.085 -0.181 -0.173 -0.007 -0.017 
 
Significance 0.268 0.914 0.220 0.622 0.290 0.314 0.966 0.924 
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Figure 4. 1. Linear correlation between average flame duration (s; data Ln transformed) 
and leaf length (cm; data Ln transformed) of native and invasive species. (Dashed line = 
regression curve for invasive species; solid black line = regression curve for native 
species; solid red line = regression curve for both plant groups). 
  
 
 
R² = 0.5275 
R² = 0.3488 
R² = 0.4927 
0
1
2
3
4
5
6
7
0.0 0.5 1.0 1.5 2.0 2.5 3.0
L
n
 A
ve
ra
ge
 f
la
m
e 
d
u
ra
ti
o
n
 (
s)
 
Ln Length (cm) 
Invasives Natives
 134 
 
 
 
 
 
 
 
 
 
Figure 4. 2. Linear correlation between mean heat of combustion (kW m-²; data Ln 
transformed) and leaf length (cm; data Ln transformed) of native and invasive species. 
(Dashed line = regression curve for invasive species; solid black line = regression curve 
for native species; solid red line = regression curve for both plant groups). 
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Figure 4. 3. Linear correlation between average flame duration (s; data Ln 
transformed) and leaf width (cm; data Ln transformed) of native and invasive 
species. (Dashed lines = regression curve for invasive species; solid black line = 
regression curve for native species; solid red line = regression curve for both 
plant groups). 
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4.4.3. Principal component analysis 
The Principal Component Analysis (PCA) confirmed the separation of the species 
in two distinct groups: native and invasive species (Figure 4.4). The Kaiser-Meyer-Olkin 
measure of sampling adequacy (0.597) and Bartlett's test of sphericity (<0.001) 
indicated that the data set was appropriate for a factor analysis. The eigenvalues for 
Axes 1 and 2 were 3.807 and 2.556, respectively. PCA Axes 1 and 2 accounted for 
35.63% and 34.89% of the total variance respectively. Further axes are not discussed as 
none accounted for more than 10% of the total variance. 
 The eigenvector values for Axis 1 ranged from -0.686 for RMF to 0.936 for mean 
HRR (Table 4.6). At the low score end of PCA Axis 1 were species with a higher RMF. At 
the high score end of Axis 1, species showed higher mean HRR, higher peak HRR and 
higher peak MLR. Invasive species tended to be located at the high end of PCA Axis 1 
while natives were found distributed on the other extreme (Figure 4.5). 
 Axis 2 of the PCA was related to morphological attributes of leaves. Eigenvector 
values ranged from 0.494 for leaf thickness to 0.947 for LSA. Species with long and wide 
leaves and large surface area tended to be located at the higher end of Axis 2 of the PCA 
while species with small thin leaves were found on the opposite end (Figure 4.5). 
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Table 4.6. Rotated component matrix 
containing eigenvector scores for 
traits on the first two PCA axes. 
Eigenvector values >0.400 are in bold. 
(LSA = leaf surface area, RMF = 
residual mass fraction, HRR = heat 
release rate, MLR = mass loss rate). 
Trait PCA Axis 1 PCA Axis 2 
LSA -0.195 0.947 
RMF -0.686 -0.202 
Mean HRR 0.936 -0.065 
Peak MLR 0.632 -0.206 
Peak HRR 0.916 -0.155 
Thickness 0.436 0.494 
Length 0.067 0.879 
Width -0.181 0.876 
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Figure 4. 4. Principal component analysis. LSA = leaf surface area, RMF = residual 
mass fraction, HRR = heat release rate, MLR = mass loss rate. AB, Acacia baileyana; 
AD, Ageratina adenophora; B, Bambuseae spp.; CP, Cestrum parqui; CM, 
Chrysanthemoides monilifera; CCa, Cinnamomum camphora; CC, Cotoneaster 
coriaceus; CS, Cystisus scoparius; EC, Erythrina crista-galli; HH, Hedera helix; LC, 
Lantana camara; LL, Ligustrum lucindum; LS, Ligustrum sinense; LV, Ligustrum 
vulgare; LJ, Lonicera japonica; LF, Lycium ferocissimum; OE, Olea europea sp. 
cuspidata; PU, Pittosporum undulatum; PC, Prunus cerasifera; Py, Pyracantha sp.; RA, 
Rhamnus alaternus; RT, Rhus typhina; Ru, Rubus fruticosus agg.; SA, Smilax australis; 
SP, Senna pedula var. glabrata; SM, Solanum mauritianum; VM, Vinca major; AI, 
Acacia implexa; AP, Acacia paramatensis; AR, Acacia rubida; AC, Angophora costata; 
BM, Backhousia myrtifolia; BS, Banksia serrata; CS, Calicoma seratifolia. • Invasive 
species, • Native species. 
 
 
a) 
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Figure 4. 5. (a) Principal component analysis loadings. LSA = leaf surface area, 
RMF = residual mass fraction, HRR = heat release rate, MLR = mass loss rate.
b) 
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4.4.4. Plant groups and their relationships 
 Six groups were formed with 70% similarity level between attributes (Figure 
4.6). Group 1 was composed of the invasive species Chrysanthemoides monilifera, 
Cotoneaster coriaceus, Olea europea sp. cuspidata, Pyracantha sp., Rhamnus alaternus 
and Vinca major. Group 2 contained only native species: Acacia implexa, Acacia rubida, 
Banksia serrata, Myrsina variabilis and Smilax australis. Group 3 was composed of a mix 
of natives and invasive species: Angophora costata, Backhousia myrtifolia, Bambuseae 
spp. and Rubus fruticosus agg. Group 4 was formed by the invasive species Acacia 
baileyana, Cystisus scoparius, Ligustrum vulgare, Lycium ferocissimum and Senna pedula 
var. glabrata and the native species Acacia parramatensis. Group 5 contained Erythrina 
crista-galli and Solanum mauritianum. Group 6 was formed by the invasive species 
Ageratina adenophora, Cestrum parqui, Cinnamomum camphora, Hedera helix, Lantana 
camara, Ligustrum lucidum, Ligustrum sinense, Lonicera japonica, Pittosporum 
undulatum, Prunus cerasifera and Rhus typhina and the native species, Callicoma 
seratifolia. 
 There were overall effects when comparing groups with the factor scores of the 
PCA (Table 4.7). Analysis of variance and post-hoc Tukey’s test divided the six groups in 
three subsets when comparing them to Axis 1 of the PCA and four subsets when 
compared to Axis 2 of the PCA (one-way ANOVA; P <0.05).  
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Table 4.7. Principal components analysis (PCA) factor 
score ± standard deviation for each group. Different 
letters indicate significant statistical differences among 
groups. 
Group PCA Factor 1 PCA Factor 2 
1 0.54 ± 0.37ab -0.56 ± 0.30AB 
2 0.85 ± 0.42ab 0.16 ± 0.18BZ 
3 1.48 ± 0.87a -0.16 ± 0.43C- 
4 -1.08 ± 0.36c -1.18 ± 0.17AZ 
5 -1.08 ± 0.37c 3.09 ± 1.22DZ 
6 -0.33 ± 0.69bc 0.31 ± 0.36CZ 
 
 
 Groups 1, 2 and 3 were similarly affected by PCA Factor 1 and were separated 
due to high values of mean HRR, peak HRR or peak MLR (Table 4.8). Groups 4, 5 and 6 
were affected by RMF indicating scoring higher values for this variable. 
 The four subsets formed when comparing groups with PCA Factor 2 were related 
exclusively to leaf traits (Table 4.8). Groups 1, 2, 3 and 6 showed an even distribution of 
values in the middle range of values found for LSA, leaf length and leaf width. Group 4 
had the smallest values of LSA, leaf length and leaf width and Group 5 included plants 
with large leaves.  
 When the ‘condition’ (native or invasive species) was taken in account, a 
significant statistical difference was found between groups in relation to PCA Factor 1 
(one-way ANOVA; P = 0.003), but no significant differences were found between groups 
and PCA Factor 2 (one-way ANOVA; P = 0.845). 
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Figure 4. 6. Cluster dendogram of 36 species determined by traits 
composing PCA Factor 1 and PCA Factor 2. Groups were defined at 70% 
similarity among species. 
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Table 4.8. Range of values for leaf surface area, leaf thickness, leaf length, leaf width, residual mass fraction, mean heat rate release, peak 
mass loss rate and peak heat rate release within each group derived from cluster analysis. LSA = Leaf surface area, RMF = Residual mass 
fraction, HRR = Heat release rate, MLR = Mass loss rate. 
Groups 
LSA 
(cm2) 
Thickness 
(mm) 
Length 
(cm) 
Width 
(cm) 
RMF 
(%) 
Mean HRR         
(kW m-²) 
Peak MLR        
(g s-1) 
Peak HRR                    
(kW m-²) 
1 1.95 - 11.09 0.24 - 0.33 3.19 - 8.22 1.25 - 3.04 0.11 - 0.17 149.36 - 171.64 0.14 - 0.22 186.07 - 260.50 
2 12.26 - 16.43 0.27 - 0.44 6.23 - 12.85 1.70 - 3.17 0.03 - 0.09 139.66 - 157.09 0.15 - 0.18 175.67 - 213.11 
3 12.13 - 22.94 0.12 - 0.37 5.57 - 13.42 1.98 - 3.20 0.06 - 0.09 146.18 - 219.16 0.23 - 0.34 182.70 - 282.67 
4 0.58 - 6.51 0.15 - 0.35 1.37 - 4.69 0.85 - 1.95 0.14 - 0.21 92.37 - 123.73 0.10 - 0.24 146.02 - 162.74 
5 91.88 - 147.64 0.22 - 0.48 13.36 - 24.42 9.68 - 11.44 0.11 - 0.16 102.28 - 112.96 0.10 - 0.12 126.23 - 145.28 
6 14.54 - 49.61 0.16 - 0.35 7.59 - 14.12 2.61 - 8.30 0.08 - 0.16 93.74 - 152.92 0.10 - 0.23 116.33 - 207.51 
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4.4.5. Plant flammability rank 
The overall flammability of 39 species was determined by ranking the four 
components of flammability (ignitability, sustainability, combustibility and 
consumability). For the top five most flammable species only one species was native 
(Acacia parramattensis). This species occupied the second position behind Cystisus 
scoparius. The last five positions were occupied by two native and three invasive 
species. In order for a species to be classified as having low flammability this plant had 
to have low scores in one or more flammability components which would set it in a 
lower score. Ulex europeus and Lantana camara were on the bottom of the list while the 
last position in the rank was the native Smilax australis which is a crawling vine with 
very thick leaves and high mineral content (Table 4.9).  
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Table 4.9. Flammability rank and weighted score for each flammability component of 
species burned using the mass loss calorimeter. N = native species, I = invasive species 
Flammability 
rank  
Species Condition Ignitability sustainability combustibility consumability 
1 Cystisus scoparius I 83.55 100.00 3.05 18.55 
2 Acacia parramattensis N 73.62 88.86 24.00 12.33 
3 Lycium ferocissimum I 49.19 48.56 13.23 0.80 
4 Pyracantha sp. I 90.88 50.81 48.58 38.82 
5 Pinus radiata I 73.29 40.30 31.31 44.93 
6 Olea europea subsp. 
cuspidata 
I 84.04 36.55 50.58 20.64 
7 Ricinus communis I 84.69 33.29 0.00 0.00 
8 Ligustrum vulgare I 95.28 36.92 14.39 39.66 
9 Solanum mauritianum I 95.44 25.87 2.06 25.32 
10 Vinca major I 87.46 25.16 17.48 52.92 
11 Senna pendula var. glabrata I 87.95 22.78 61.07 27.52 
12 Pittosporum undulatum I 94.79 21.61 14.91 54.77 
13 Chrysanthemoides monilifera I 94.30 22.53 37.11 54.54 
14 Hedera helix I 90.39 20.15 54.30 41.16 
15 Cotoneaster coriaceus I 96.42 20.53 30.63 52.34 
16 Acacia implexa N 89.25 19.11 24.49 75.00 
17 Acacia baileyana I 87.62 19.11 24.00 21.33 
18 Lonicera japonica I 93.81 17.90 16.02 41.27 
19 Myrsine variabilis N 97.72 18.40 30.55 82.56 
20 Rhamnus alaternus I 81.76 15.19 23.19 40.80 
21 Ageratina adenophora I 91.86 13.52 42.51 36.18 
22 Prunus cerasifera I 91.21 12.77 10.13 62.19 
23 Rhus typhina I 98.37 16.27 1.60 53.37 
24 Acacia rubida I 81.76 11.68 31.59 76.38 
25 Callicoma seratifolia N 83.71 11.68 31.68 55.41 
26 Ligustrum lucidum I 89.41 12.14 27.19 60.50 
27 Angophora costata N 86.97 10.51 100.00 79.53 
28 Erythrina crista-galli I 99.19 13.27 9.45 54.61 
29 Cinnamomum camphora I 100.00 11.60 13.43 68.56 
30 Acer negundo I 62.21 5.59 13.50 42.89 
31 Rubus fruticosus agg. I 82.57 5.38 62.62 74.62 
32 Backhousia myrtifolia N 98.70 10.01 54.23 83.46 
33 Cestrum parqui I 99.02 9.35 4.12 28.20 
34 Bambuseae spp.* I 97.23 8.76 63.70 62.43 
35 Banksia serrata N 85.02 5.76 36.44 99.66 
36 Ulex europeus I 50.81 0.63 69.52 100.00 
37 Lantana camara I 91.37 0.00 33.70 33.37 
38 Ligustrum sinense I 97.72 22.53 17.59 50.16 
39 Smilax australis N 0.00 6.93 32.17 64.33 
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4.5 Discussion 
4.5.1. Morphological, chemical and flammability leaf traits 
 In terms of plant flammability, leaves of native plant species had higher gross 
heat of combustion when burnt under controlled conditions with pure oxygen. 
However, this difference was not apparent for mean energy heat of combustion which 
represents a more realistic heat output from burning vegetation. Native species could 
also be separated from invasive species as they burnt more completely than invasive 
plants leaving less unburnt mass after pyrolysis. Native plants, at least the species used 
in this study, can release more energy per mass unit and are more fully combusted so 
that fires fed by these fuels could potentially be more intense. On the other hand, 
invasive species had lower HRR and MLR than natives but longer flaming periods which 
could impact fire severity and effects in areas covered by these plants. 
One of the most innovative features of the study presented here is that different 
types of leaf traits – morphology, chemistry and flammability were compared as a way 
of understanding and classifying the potential of plants to burn. Flammability traits 
were then combined to rank vegetation flammability. This type of information is useful 
from a fire management perspective for planning, control and safety of prescribed 
burning. 
Despite the extensive number of variables tested, there was no discernible 
difference in morphological leaf traits among native and invasive plants. In contrast, 
Murray et al. (2013) investigated the leaves of 52 native species and 27 exotic plants 
occurring in dry sclerophyll forests of New South Wales and found that leaves from 
exotic plants were generally wider, longer and larger in area but not thicker than leaves 
from native plants. It should be noted that the current study had only 10 invasive and 
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two native species in common with the work done by Murray et al. (2013) and that the 
species tested were not restricted to woody life forms. Regardless of this, the lack of 
difference in morphological leaf traits among native and invasive plants is in agreement 
with the hypothesis that plant communities are composed of species that have 
analogous adaptations to a particular physical environment (Callaway 1997; Van 
Driesche and Bellows Jr 1996). This would allow exotic species with similar adaptations 
(e.g. leaf morphology) to occupy an empty niche or disturbed site and outcompete 
native plants with similar attributes (Callaway and Aschehoug 2000; Lake and 
Leishman 2004). 
 Leaves of invasive species had higher concentrations of most nutrients including 
N, K, Mg, and P indicating they have a greater ability to access and store these nutrients 
than native species. Funk and Vitousek (2007) showed that invasive species were more 
efficient at using limiting resources than native plants on short time scales and were 
similarly efficient when carbon assimilation per unit of resource was integrated over 
leaf lifespan. 
Carbon fixation strategies are often regulated by leaf traits and these have a 
major role in the ecological strategies of plants (Wright et al. 2004; 2007). There are 
several ecologically important trade-off relations between leaf traits (Leishman et al. 
2007). For example, specific leaf area (SLA) can be related to leaf life span (LL) where 
plants with low SLA normally have longer LL and therefore need more structural 
strength (Leishman et al. 2007). These species also lean towards having more resources 
allocated to producing chemical defences and volatiles (Coley 1988). On the other end 
of this spectrum are the plants with high SLA that have shorter LL, faster rates of 
growth and greater nutrient requirements. Leishman et al. (2007) found that N, P and 
N:P were higher for exotic plants occurring in disturbed sites. Although exotic invasive 
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species did not have different strategies for carbon capture (i.e. high SLA, high leaf area 
ratio and fast relative growth ratio) compared to native plants, they were positioned 
further along a leaf economic spectrum towards faster growth strategies. Similarly, 
Baruch and Goldstein (1999) demonstrated that invasive species had greater levels of N 
and P in leaves coupled with lower leaf construction costs. The invasive species used in 
this study had higher foliar nutrient concentration than native species indicating that 
they have the potential to make better use of the resources available for biomass 
production and therefore, production of fuel.  
   
4.5.2. Relationships among leaf traits and flammability  
Plant flammability relates to how easily a plant ignites and burns. Studies have 
investigated leaf flammability as ignitability (Gill et al. 1996; De Lillis et al. 2009) 
(Saura-Mas et al. 2010; White and Zipperer 2010; Ganteaume et al. 2013; Murray et al. 
2013), sustainability (Berry et al. 2011), combustibility (Dickinson and Kirkpatrick 
1985; Behm et al. 2004), and consumability but very few studies have investigated all 
components of flammability together (Pausas et al. 2012; Madrigal et al. 2013). When 
trying to relate plant flammability to leaf foliar traits there is a lack of consistency in 
defining plant flammability. In addition, there is no standard way of measuring 
flammability traits and the few studies available only consider one or two components 
of flammability (Agee 1997; Dimitrakopoulos 2001; Etlinger and Beall 2005; Scarff and 
Westoby 2006; Schwilk and Caprio 2011; Murray et al. 2013). In this study, plant 
flammability was considered to include flammability traits including gross heat of 
combustion (HoC), time to ignition (TTI), flame duration (FD), residual mass fraction 
(RMF), mean heat rate release (Mean HRR), peak heat rate release (peak HRR), mean 
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energy heat of combustion (mean EHC) and peak mass loss rate (peak MLR). All these 
traits are directly or indirectly related to flammability of plants. 
As described by Gill and Moore (1996), the ignitability of fuel is defined as the 
ignition delay time. It is the time to first flaming combustion from the time of first 
exposure to an ignition source. The ignitability of fuel is often considered to be the most 
important flammability trait because without it there is no fire. However, ignitability is 
only one aspect of the complex of mechanisms involved in the process of pyrolysis. In 
this study there was no significant relationship between leaf morphology and 
ignitability. Gill and Moore (1996) found considerable variability in ignitability and 
attributed it to two variables – leaf moisture content and leaf surface area:volume ratio. 
Leaf surface area:volume ratio was also the best predictor for ignitability in the study by 
Atreya (1998), and is a critical factor influencing rate of spread of wildfires. Ganteaume 
et al. (2013) found a correlation between fuel moisture and time to ignition and showed 
that leaves with high moisture content also burned for longer (increased sustainability). 
In the study presented here, leaves were dried to the same moisture content to remove 
the confounding influence of heat yield on intra-specific variation. This would 
undoubtedly change time to ignition as heat is required to heat and evaporate moisture 
before the fuel can be ignited. Along the same lines, Ormeno et al. (2009) showed that 
different species containing different concentration of terpenes can affect the time to 
ignition. Drying the fuel will have removed some of the volatile organic compounds 
including terpenes which will also influence this aspect of flammability. 
There was a strong negative correlation between flame duration and leaf length 
and width indicating that small leaves tended to burn for a longer time than large 
leaves. Schwilk and Caprio (2011) found that leaf length had an effect on the severity of 
fire such that vegetation with longer leaves would sustain more severe fires. Both Gill 
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and Moore (1996) and Scarff and Westoby (2006) demonstrated that leaf size 
influences litter flammability, fire intensity and sustainability of fire. These results are 
not surprising as leaf size affects the ventilation of the fuel bed (Drysdale 2011). Small 
leaves can create an air-tight litter bed limiting the oxygen supply and, as a 
consequence, combustion reactions will be slow and the litter bed will burn for longer 
when compared to litter beds composed by large leaves (Scarff and Westoby 2006; 
Drysdale 2011). It could be hypothesised that while larger leaves tend to create open 
litter beds that burn better due to increased ventilation, small leaves burning at a 
slower rate could extend the fire residency time in the litter bed. 
As a consequence of using a mass loss calorimeter requiring a sample holder of 
fixed volume to determine flammability traits, the packing ratio of leaf material varied 
across samples and species due to differences in leaf size. In the field, the packing ratio 
is the fraction of fuel bed volume that is occupied by fuel particles, and is a function of 
fuel load, fuel bed depth, and fuel particle density (Scott and Burgan 2005). The 
extended flame duration time for species with small leaves is likely to be due, at least in 
part, to the compact nature of these fuels when placed in the holder.  
 
4.5.3. Flammability and leaf morphology as independent factors  
 The combustion of forest fuels is extremely complex involving multiple 
interrelated components and processes. A limited understanding of these 
physicochemical processes has restricted the development of theoretical forest fire 
behaviour (Madrigal et al. 2009). Similarly, the applicability and importance of bench-
scale experiments measuring HRR and its impact in real-scale forest fires is still 
relatively new and remains controversial (Schemel et al. 2008; Madrigal et al. 2009; 
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Fernandes and Cruz 2012; Madrigal et al. 2013).  Changing the way flammability is 
studied by investigating a broader range of variables associated with flammability and 
examining the relationships with the nature of the fuel, such as its arrangement and 
chemical composition, may help to overcome this limitation. 
A large proportion of the variability among the species tested can be explained 
by the four flammability related variables: mean HRR, peak HRR, peak MLR and RMF. 
Species with higher mean HRR, peak HRR and peak MLR had smaller proportions of 
unburnt mass after pyrolysis. Most of the native species used in this study had high 
mean and peak HRR and peak MLR whereas invasive species had greater amounts of 
unburned mass after the pyrolysis and low to medium values of mean HRR, peak HRR, 
peak MLR. Heat release rate is considered to be one of the most important variables for 
charactering the ‘flammability’ of products (Babrauskas and Peacock 1992; Schemel et 
al. 2008). The rate of heat release influences fire characteristics such as flame geometry, 
temperature fields (the set of temperature values at all points in a given space at a given 
instant) and rates of fire propagation (Schemel et al. 2008). This is particularly 
important in cases of fire in urban environments and is likely to be equally important in 
modelling of fires in vegetation. Heat rate release can be used by fire modellers and 
managers to create predictions of the spread and intensity of fire and hazard on the 
basis of results obtained for a given species (Janssens 2000). 
Native plants had lower values for mean and peak HRR than invasive plants. 
These two measures of flammability are related to combustibility such that after 
pyrolysis there is less unburnt mass remaining for species with high HRR. This 
characteristic of flammability can lead to considerably different impacts during planned 
and unplanned fires in pristine and weed-invaded areas because of its direct influence 
in the kinetic processes in the fuel bed (Janssens 2000; Schemel et al. 2008).  
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In this study, there was no discernible difference in leaf size between invasive 
and native species. There are only two other studies available in the published literature 
comparing leaf morphology of exotic species from with the local Australian flora. Both 
of these studies found differences in leaf size when native and exotic species were 
compared (Leishman et al. 2007; Murray et al. 2013). It is likely that our sample size of 
39 species could have influenced the distribution of leaf size tested (samples sizes in 
cited references ranged from 55 to 79 species), however we cannot discard the 
hypothesis that woody weeds happen to have leaves distributed across a similar range 
of sizes found for native species, at least in some vegetation types. 
 The PCA indicated a clear separation among morphological and flammability 
traits. Leaf morphology and leaf flammability appear to be regulated by different factors 
and did not influenced each other for the species used in this study. Similarly, there was 
a clear separation between invasive and natives plants for flammability traits but not 
for leaf morphology traits. Future investigation involving a broader range of native and 
invasive plants are needed to confirm if there are enough morphological differences 
between the two groups and how this relate to the four components of flammability. 
Studies like this can help resource allocation and management of fires and invaded 
areas. 
  
4.5.4. Species flammability rank and possible impacts 
The importance of ranking species according to flammability is widely 
recognised yet extremely hard to achieve since there is as yet, no standardised way of 
measuring or interpreting species flammability. For example, common questions from 
land managers around flammability often relate to determining what garden or 
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landscaping plants can be used near households to reduce the spread of fire or how can 
knowledge of the flammability of a given forest be used to reduce the risk of loss of life 
or property (Gill and Zylstra 2005). Similar questions are posed by the scientific 
community when trying to determine how the intrinsic flammability of plants affects 
fire behaviour (Dickinson and Kirkpatrick 1985; Dimitrakopoulos and Papaioannou 
2001; de Magalhaes and Schwilk 2012) or how invasive and native plants differ in 
flammability (Pausas et al. 2012; Ganteaume et al. 2013; Murray et al. 2013). Even 
though there are extrinsic variables such as fuel moisture and arrangement that were 
not considered (Plucinski and Anderson 2008; De Lillis et al. 2009), this study 
represents the first attempt to rank species according to flammability using four 
components that contribute to flammability. Using a defined suite of plant species, it 
appears that woody weeds are putatively more flammable than native plants. 
A list of species ranked according to flammability could be used to prioritise fuel 
hazard reduction or rehabilitation. For example, the highest ranked species in this study 
was Broom (Cystisus scoparius). It is an erect shrub to 3 m tall originally from Europe. 
This species is widespread and has formed major infestations in southern Australia. 
Invasion by Broom is promoted by disturbance but can be found spreading into native 
pristine vegetation (Fogarty and Facelli 1999). It is particularly difficult to restore 
native vegetation that is long invaded by Broom (Fogarty and Facelli 1999). The 
capacity of this species to colonise new areas and outcompete native plants in 
conjunction with its potential flammability, as demonstrated in this study, and 
architecture could lead to considerable changes in fire behaviour in invaded areas. 
Using knowledge of the biology and flammability of certain species could be used to 
reduce fire risk in urban areas. 
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Regardless of rankings derived from measures of flammability or any other 
system, it is important to consider that biological invasions are unique processes and 
each case needs to be analysed in terms of plant growth and architecture, plant 
establishment patterns and phenology and, in terms of fire risk, contribution to the fuel 
load. The species Ulex europeus is a good example to illustrate this point. This species is 
classified as highly flammable in the literature mostly due to the retention of dead 
branches (Pausas et al. 2012). However, it was at the bottom of the flammability rank 
list in this study. It is obvious that a wide range of traits of flammability need to be taken 
into account to reflect burning under natural conditions. This difference could also be 
attributed to the use of fresh leaves in this study considering that the composition and 
flammability of fresh and dead leaves are different. Despite the methodological 
limitations imposed by the use of a cone calorimeter, discussed in depth by Fernandez 
and Cruz (2012), the importance of ranking flammability using a method that allows 
comparisons independent of the plant origin is extremely useful. Murray et al. (2013) 
suggested that quantification of the relative input of exotic leaves into leaf litter in dry 
sclerophyll forest should be used alongside information provided by ranking species 
according to flammability. The presence of invasive species will alter the dynamics 
associated with turnover of leaf litter such that the accumulation of leaves from exotic 
species in the litter layer could lead to an increase in bushfire intensity and frequency 
(D'Antonio and Vitousek 1992; Brooks et al. 2004). Similarly, information about the 
architecture of the invasive plant, such as branch retention (Schwilk 2003), is essential 
for a more complete understanding of plant flammability.  
Not all plant invasions will increase fire intensity or alter fire regimes (Mandle et 
al. 2011), however the ability to classify species according to their flammability will 
allows for targeted management and research.  
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Chapter 5. Prediction of fire behaviour in an eastern Australian 
woodland and a novel vegetation type 
5.1. Introduction 
5.1.1. Fire behaviour prediction and invasive plants 
 Fire behaviour can be affected by vegetation in different ways (Brooks et al. 
2004; Watson and Wardell-Johnson 2004; Mandle et al. 2011). ‘Intrinsic’ fuel properties 
mostly influence fire frequency, intensity and seasonality and are related to the 
physiological condition of the plant (Brooks et al. 2004). Intrinsic properties include the 
moisture content and surface area of leaves, and the chemical volatility and heat content 
of plant tissues. These features directly affect the ignitability of fuels and the amount of 
heat released during combustion. ‘Extrinsic’ properties of fuel relate to the way plants 
are spatially arranged in the environment. For example, the amount of fuel per unit 
area, fuel continuity and the packing ratio of fuels or bulk density are considered to be 
extrinsic properties. These characteristics are known to affect fire intensity and 
frequency, and the seasonality and extent of fires (Brooks et al. 2004). 
 Many studies have inferred the effects of invasive plants on fire behaviour 
(D'Antonio and Vitousek 1992; Mack and D'Antonio 1998; Rossiter et al. 2003; Brooks 
et al. 2004; Dibble et al. 2007; Pauchard et al. 2008; Fisher et al. 2009; Rew and Johnson 
2010; Berry et al. 2011). To date, there are no studies that have used field data from 
sites affected by invasive woody plants as inputs for fire behaviour models nor are there 
any studies that have compared predictions of fire behaviour between invaded and non-
invaded or pristine vegetation. 
One of the most widely used models for predicting fire behaviour was developed 
by Richard C. Rothermel (Rothermel 1972; Rothermel and Deeming 1980; Wells 2008). 
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The Rothermel model has been incorporated into several predictive tools such as the 
BehavePlus Fire Modelling System (Andrews 1986; Andrews et al. 2003; Andrews 
2009) and the Farsite Fire Spread Simulator (Finney 1998). As such, it is currently in 
use by fire managers around the world (Andrews 2010).  
The BehavePlus Fire Modelling System (hereafter referred to as ‘the BehavePlus 
model’; see Chapter 1 for fuller description) is software supported by mathematical 
models and equations, that predicts fire behaviour (e.g. flame length and rate of spread), 
fire effects (e.g. scorch height and tree mortality), and the fire environment (e.g. fuel 
moisture and wind adjustment factor; Andrews 2009; 2013; White et al. 2013a). 
Although the BehavePlus model is a powerful tool used to predict fire behaviour it was 
not developed for use with Australian vegetation. To use the BehavePlus model in 
different fuel types, adjustments and comparison to the models currently in use need to 
be done. However, the only work comparing fire behaviour predictions made by a 
predecessor of the BehavePlus model (‘Behave’; Burgan and Rothermel 1984) and the 
Forest Fire Danger Meter (FFDM; McArthur 1976) was done by Moore (1986). Since 
then, the FFDM has largely been replaced or complemented by the Vesta model (Gould 
et al. 2007a) and the BehavePlus model has been updated and improved. Regardless of 
these modifications and improvements, the gaps between fire behaviour prediction 
models remain. 
 
5.1.2. Fire prediction in Cumberland Plain Woodland 
 As described in detail in Chapter 2, Cumberland Plain Woodland (CPW) is a 
critically endangered ecological community (Benson 1992; Benson and Howell 2002). 
This community is under threat from a number of anthropogenic disturbances such as 
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clearing, logging and changing fire regimes (Benson et al. 1990). Invasion by exotic 
plants poses a significant problem for ecosystem management with most remnants of 
CPW containing more than five exotic plant species (Benson and Howell 2002). 
 In the past few decades, African Olive (Olea europea subsp. cuspidata) has 
become a major invasive species in CPW and is capable of forming a dense permanent 
mid-canopy vegetation type (Cuneo et al. 2009). This invasion has created a novel fuel 
type within CPW, possibly altering the fire behaviour in invaded areas. The BehavePlus 
model was used to predict fire behaviour in invaded and pristine areas of CPW and 
predictions were compared between the two vegetation types. In addition, results from 
the BehavePlus model were tested against models currently used for fire prediction in 
native vegetation in Australia.  
 
5.1.3. Current fire modelling  
The complexity and dynamics of fire behaviour are characterised by several 
different variables of which fire intensity, rate of spread and flame dimension are 
considered to be the main aspects (Whelan 1995). At present, fire scientists use three 
different approaches to predicting surface fire spread and other fire behaviour 
characteristics (Sullivan 2009a). The various methods used can be classified as physical 
and quasi-physical models; empirical and quasi-empirical models; and simulation and 
mathematical analog models (Sullivan 2009a; b). Each of these approaches has 
limitations and a physical model of fire spread that is adequate for operational fire 
behaviour forecasting does not yet exist (Sullivan 2009b).  
Fire behaviour modelling in Australia has been based almost exclusively on an 
empirical approach. The first fire behaviour guides for eucalypt forest and grassland 
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were developed by Alan McArthur (McArthur 1962; 1966; 1967) and George Peet (Peet 
1965) and were based on surveys of small experimental burns (Gould et al. 2007a). 
While these models have been in use for many decades, the use of empirical models can 
result in misleading predictions when applied beyond the range of data that it was 
developed for (Gould et al. 2013), particularly in novel fuel types. 
 
5.1.4. The Grassland Fire Danger Meter model 
 In 1966, McArthur developed the first fire spread model for grassland. Since this 
time, the Grassland Fire Danger Meter (GFDM) model has been used widely in Australia, 
including use by bodies such as the Bureau of Meteorology and most State and Territory 
fire authorities. This meter, together with the rate of spread and flame height 
predictions presented in Cheney et al. (1998), are the main tools used to describe the 
effects of weather and fuel on fire spread in grassy vegetation. 
Grassfires are characterised by igniting and burning more rapidly for a given set 
of conditions when compared to coarser types of fuels such as forest litter (Sullivan 
2013). Grass fuels present an average flaming time of approximately 5 seconds and 
burn-out time of 10–15 seconds. Grassfires develop very quickly from a point of ignition 
and burn with extremely fast speeds compared to forest fires; this allows grassfires to 
respond to wind changes almost instantly. 
Cheney et al. (1993; 1998) demonstrated that fuel load has a smaller role in 
determining rate of spread in grassland compared to forest or woodland. The structure 
of fuel as described by pasture condition (i.e. continuous/discontinuous or 
standing/eaten out) is more important for determining forward rate of spread. 
Similarly, flame length is not as important during grassfires as it is in forest fires 
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(Cheney and Sullivan 2008). However, flame length, together with wind speed, combine 
to keep the fire moving forward and overcome possible gaps in the fuel (Burrows et al. 
2009). The more discontinuous the fuel, the higher the threshold wind speed required 
to drive a fire forward so that flames can bridge the gaps in the vegetation (Bradstock 
and Gill 1993; Cheney and Sullivan 2008; Burrows et al. 2009; Sullivan 2013). For 
grassfires, fuel continuity, degree of curing, state of the fuel (i.e. grazed or ungrazed), 
slope and wind all have an important role in determining rate of spread and flame 
length (Cheney and Sullivan 2008). In this study a combination of McArthur and 
Cheney’s works is used to predict the fire behaviour of Intermediate Invasion (II) areas 
(See details in Section 5.2.2).  
 
5.1.5. The Forest Fire Danger Meter and the Vesta model  
One of the central premises for the Forest Fire Danger Meter (FFDM) is that the 
rate of spread of fire increases with increasing fuel load (McArthur 1962; Peet 1965; 
McArthur 1967a). Although McArthur’s pioneering work described relationships 
between fuel load, rate of spread and fire intensity, subsequent studies have shown that 
his models under-predict rate of spread and fire intensity under severe burning 
conditions (Rawson et al. 1983; Burrows 1994; 1999a; Gould et al. 2007a; Gould et al. 
2013). The FFDM was primarily developed using low intensity experimental fires and 
some wildfire data for fire danger rating, based on difficulty of suppression. However it 
has been extrapolated to predict fully developed fires (Gould et al. 2013). For example, 
Burrows (1994; 1999a) and McCaw et al. (2008) showed that the FFDM regularly 
under-predicts the rate of spread of fires under dry summer conditions by a factor of 
two or more. More recently, McCaw et al. (2012) analysed the effects of fuel 
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characteristics on fire spread for bigger fires and under severe weather conditions. This 
work supported conclusions that: (1) the dependence of fire rate of spread on surface 
fuel load is not as strong as assumed by the FFDM (McArthur 1967) and Forest Fire 
Behaviour Tables for Western Australia (FFBT, Sneeuwjagt et al. 1979); (2) the near 
surface fuel layer has the greatest contribution to rate of spread; and (3) it would be 
worth including visual hazard scores representing the quantity and arrangement of fuel 
into algorithms to predict fire behaviour.  
The Vesta model is a system developed by Gould et al. (2011), which uses a 
technique for assessing forest fuels based on hazard ratings for distinct layers within 
the overall fuel complex. As a consequence, this model is thought to be more efficient 
and reliable than the FFDM and FFBT. The Vesta model (Gould et al. 2007a; b) takes into 
account the near surface fuel layer as this is the principal layer responsible for 
determining fire rate of spread. 
Flame height is difficult to estimate but can be related to head fire rate of spread 
and elevated fuel height (Gould et al. 2007a). Consideration of this relationship is the 
main difference between predictions made by the Vesta model and the BehavePlus 
model. In the BehavePlus model, the elevated fuel layer is not taken in account when 
calculating flame height, possibly causing smaller flame height predictions. For dry 
eucalypt forest, the Vesta model predicts flame height reasonably well and assumes that 
when flame height exceeds 8 m there is the likelihood of torching or crown fires in the 
intermediate and overstorey canopies depending on the bark hazard and the bulk 
density of the vegetation (Gould et al. 2007a). Similar mechanisms of fire propagation 
are not included in the BehavePlus model. 
In Australia, the fuel physical model approach used in the BehavePlus model is 
not widely adopted particularly after fuel validation studies have shown that the 
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Rothermel model does not predict fire behaviour well in grass and eucalypt litter 
scenarios due to their non-homogeneity of fuel (Gould 1991; Burrows 1999a; Gould et 
al. 2007a; Gould et al. 2011). The rate of spread of the fire front in Australian fuels 
seems to be more influenced by structural factors, composition and fuel continuity than 
only by fuel load (Cheney et al. 1992; Burrows 1994; 1999a; McCaw et al. 2008; Gould et 
al. 2011). Project Vesta developed from the need to discover variables that are more 
satisfactory to describe fire behaviour in eucalypt forest other than only fuel load 
(Gould et al. 2007a).  
 
5.1.6. Predicting fire behaviour in novel fuel types 
There is a constant need to improve our understanding of forest fuel and how it 
determines fire behaviour especially under severe weather conditions (Gould et al. 
2007a). Although fire scientists in Australia aim to constantly improve the knowledge 
base for models of fire behaviour in widespread vegetation types such as eucalypt forest 
and grassland, creating empirical models of fire behaviour in novel vegetation types, for 
example, altered fuel structure and load due to weed invasion, is difficult to achieve. 
Building an empirical model requires burning large areas with the specific fuel type 
under a variety of weather and climatic conditions.  
There are usually limited options for modelling fire behaviour in novel fuel types 
without an extensive empirical burning experiment. However, predicting fire behaviour 
is possible through the establishment of scenarios. White et al. (2013a) report the 
possibility of using fire simulations to explore alternative scenarios with manipulation 
of fuels, stand structure and weather conditions. These scenarios are based on values 
acquired in real situations using statistical parameters that allow calculation of 
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averages of the vegetation and fuel load and, when combined with weather and 
topography data, provide an output capable of describing fire behaviour for a specific 
situation (White et al. 2013a; b). Such simulations can be used in many fire management 
operations including prediction of the behaviour of a fire in progress, guiding the 
application of back burning fires, estimation of the dangers linked to a possible fire in 
given vegetation type and to train firefighters. 
Despite the difficulties identified in building empirical models for novel 
vegetation types, the development and analysis of fire behaviour scenarios using field 
data has great potential. The study described here therefore aims to:  
(1) define the parameters required for modelling fuel in invaded and non-
invaded vegetation occurring at the Australian Botanical Garden, Mt Annan;  
(2) simulate fire behaviour in these vegetation types using the BehavePlus Fire 
Modelling System; 
(3) compare the results to existing models appropriate for each vegetation type 
currently in use by Australian authorities (e.g. GFDM, FFDM, Vesta model).  
Data presented in Chapter 2 will be used to address these aims. 
 
5.2. Material and methods 
5.2.1. Study area 
The general study area is located in the Cumberland Plain region west of Sydney, 
Australia. The study was conducted in the Australian Botanic Garden, Mount Annan in 
areas representing a gradient of three stages of invasion with contrasting fuel structure 
and complexity (See Chapter 2). Areas of Cumberland Plain Woodland (CPW) were 
selected to represent a pristine non-invaded environment. The other extreme of the 
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invasion gradient was represented by areas classified as ‘Long-term invasion by African 
Olive’ (LI). These areas have been invaded by African Olive for about 15–20 years and 
present an advanced stage of environmental degradation (Cuneo and Leishman 2006). 
Between the extremes of the invasion gradient used, areas were identified and classified 
as ‘Intermediate invasion’ (II). The II areas are former pasture that were originally CPW 
and have been invaded by African Olive in the past two decades (See Chapter 2).  
 
5.2.2. Model descriptions 
BehavePlus Fire Modelling System 
The BehavePlus model (version 5.0) is made up of over 40 deterministic 
mathematical models and consists not only of the models, but also model linkages and 
the user interface (Andrews 2013). In this study it will be referred to as a model 
considering the equations and algorithms that form the basis of the fire modelling 
system. The BehavePlus model is composed of mathematical models that are grouped 
into modules based on rules and assumptions and is organised in such a way that each 
module contains related mathematical models that can be used independently or linked 
together (Andrews 2013). 
In this study only the ‘SURFACE’ module of the BehavePlus model was used. The 
principal model of the SURFACE module is the Rothermel Surface Fire Spread Model 
(1972; see Chapter 1) incorporating adjustments by Albini (1976). The Rothermel 
model calculates the rate of fire spread independent of source of ignition considering 
that the fire front in the flaming zone is predominantly influenced by fine fuels. Fire 
intensity and flame length calculations are based on models developed by Byram (1959) 
linked to Albini’s and Rothermel models. The calculation of rate of surface fire spread 
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and intensity requires a description of the surface fuel, midflame wind speed, slope and 
fuel moisture. 
According to Andrews (2013), the surface fuel can be input to the SURFACE 
module in many ways: (1) as standard fire behaviour fuel models; (2) as fuel 
parameters; and (3) as custom fuel models, (4) two fuel models, and (5) special case fuel 
models. In this study, three custom fuel models were created based on vegetation 
characterisation (see Chapter 2). Each of these models were specified by providing the 
BehavePlus model with parameter inputs: fuel load (kg m-2), fuel bed depth (m), bulk 
density (kg m-3), 1-h dead and live fuel moisture (%), surface area to volume ratio 
(SA/V, m-1) and fuel heat content (kJ kg-1). Once the fuel models were constructed they 
were tested by simulating fires in each vegetation type under the same environmental 
conditions (i.e. wind speed, fuel moisture and slope). 
 
Forest Fire Danger Meter 
 For the Forest Fire Danger Meter (FFDM), rate of spread of the headfire (R) is 
directly proportional to the load of fine fuel (<6 mm diameter) consumed (w) and is 
expressed in a linear relationship: 
 
R = Fw [5.1] 
 
where F = Forest Fire Danger Index (FFDI; McArthur 1967). 
The FFDI can be calculated according to Noble et al. (1980) as: 
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                                                        [5.2] 
 
where F = fire danger index 
D = drought factor 
T = air temperature (°C) 
H = relative humidity (%) 
V = average wind velocity (km h-1) in the open at a height of 10 m. 
 
The Vesta model 
The Vesta model gives special importance to the structure of the fuel complex by 
combining a hazard rating for each of the different fuel layers i.e. canopy, bark, elevated 
(shrub fuels), near-surface, and surface fuels (see Chapter 2). The fuel hazard is rated 
using categorical scores from 0 to 4 based on visual assessment for the percent cover 
score (PCS) and the fuel hazard score (FHS) for each of the five fuel layers, following the 
concept of Cheney et al. (1992), Wilson (1992) and Tolhurst et al. (1996). After the 
vegetation is given a hazard score, these numbers can be used in conjunction with a fire 
behaviour table (Gould et al. 2007b). The tables are derived from mathematical 
equations relating fire behaviour characteristics (rate of spread (ROS), flame height) to 
wind, fuel structure, fuel moisture and slope for different hazard ratings. The complete 
description of the prediction system is given in Gould et al. (2007a). 
 
 The Grassland Fire Danger Meter 
 The Grassland Fire Danger Meter (GFDM) model consists of a set of tables based 
on measurement of experimental fires. McArthur’s first model was altered and 
 
 
166 
 
 
developed and the mathematical background explaining the fire spread equations can 
be found in Noble’s work (Noble et al. 1980). Cheney et al. (1998) model replaced the 
McArthur’s equations to better take into account fuel structure. The rate of spread in 
grasslands fire spread model developed by Cheney et al. (1998) depends on the initial 
growth of the fire, the pasture type, wind speed, and live and dead fuel moisture. The 
general model to predict rate of fire spread after the fire completed its growth phase 
can be written as: 
 
Rss = ƒ (I, U10, Mf, C) [5.3] 
 
where Rss = potential quasi-steady rate of spread (units) 
I = pasture type 
U10 = mean wind speed at 10 m in the open (the standard exposure for wind measures 
in Australia (km h-1)) 
Mf = moisture content of grass (%) 
C = curing stage of the grass (%). 
 
Each of the variables are combined in a function described in Cheney et al. 
(1998). These equations were used to calculate rate of fire spread in the II areas used in 
this study. 
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5.2.3 Sampling procedures for populating fire behaviour models 
In each of the three types of vegetation (CPW, II, LI), three permanent plots of 50 
× 50 m were established to describe the fuel complex (see Section 2.2.2.). Three parallel 
transects of 50 m were established in each plot; two transects located 5 m away from 
the edges of the plot and one transect through the middle (i.e. at 25 m) were established 
within plots and data was collected along these transects to determine fuel type, 
arrangement and distribution using a number of methods.  
 
Visual Hazard Scoring System 
Visual scoring of fuel (see Section 2.2.3) used an adaptation of the system 
described by Cruz et al. (2010). This method allows numerical characterisation of the 
various fuel layers by visually estimating cover and hazard scores ranging from 0 to 4 
(Gould et al. 2011).  
 
 Fuel loads and fuel bed depth 
Destructive sampling was used to estimate fuel load, arrangement, bulk density 
and proportion of dead and live fuels for each fuel layer (i.e. litter, near-surface, 
elevated). Within each 50 × 50 m plot, two 1 × 1 m subplots were randomly located 
along the three sampling transects, total six sub-plots (see Section 2.2.3). Data collected 
for biomass determination was re-worked into time lag fuels as used in United States 
(Fosberg 1970). 
 The 10-h fuels were determined by counting all twigs (0.6–2.5 cm diameter) 
intercepted by the transects established in the 50 × 50 m plots. The 10-h total biomass 
was calculated using Brown’s Woody Material formula (Brown 1974): 
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W= ((π2/8*n*QMD2*Pp)/L 
 
[5.4] 
where W = fuel load (T ha-1) 
n = number of points of representing intersecting fuels 
QMD = quadratic mean diameter (cm) 
Pp = wood density (g cm-3; data obtained from published literature for African Olive and 
measured for eucalypts (see below)) 
L = length of transect (m). 
 
Once fuels had been collected, categorised and weighed, representative bulk 
samples taken from the litter layer, dead and live ‘low’ fuels (0–50 cm), and dead and 
live ‘high’ fuels (50–200 cm) were placed in paper bags and fresh weights recorded. 
Samples were oven-dried at 105 ˚C for 48–72 h until constant weight was reached to 
determine the fuel moisture content. The FMC was used to convert measured biomass 
to dry-mass. Litter depth was assessed at the same observation points used for visual 
scoring by measuring litter-bed height according to the method described by 
McCarthy et al. (1999). 
The average mass of 100-h fuels was calculated by measuring all the coarse 
woody debris (CWD) along the three transects in each 50 × 50 m plot. All CWD >25 mm 
diameter intersected by the three 50 m transects were recorded for diameter, length 
and state of decay and the mass was calculated according to the methodology used by 
Baker and Chao (2009). 
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Dead fuel moisture of extinction 
 Experimental ignition studies were conducted in the laboratory using an 
adaptation of the methodologies used by Plucinski and Anderson (2008) and 
Ganteaume et al. (2009). Reconstructed litter beds made with litter of uniform moisture 
and bulk density were built using litter collected from CPW and LI sites at Mt Annan. 
Fuel moisture content was used as a covariate throughout these experiments as it is an 
input required for the BehavePlus model.  
Litter collected from each vegetation type (CPW and LI) was oven-dried at 105 ˚C 
for 48–72 h until constant weight was reached. Subsamples of dried litter (n = 10 
replicates per treatment) were weighed (approximately 5 g) and allocated to different 
moisture treatments (0, 10, 20 and 30% of litter dry weight). Samples were prepared by 
adding the required amount of water to the samples in sealed containers and allowing 
them to come to equilibrium overnight. The litter samples were spread evenly in a 
round heat-proof aluminium tray (diameter of 25.0 cm and a depth of 7.5 cm) and fuel 
depth was measured at five locations within the tray. To facilitate ignition, a cotton ball 
injected with 2 ml of methylated spirits was placed in the centre of the tray and ignited 
using a hand-held lighter (BIC® Multi-purpose lighter, BIC USA Inc., Shelton, US). For 
each burn the following information was recorded: percentage of successful ignition of 
the fuel and percentage of times the fire successfully reached the edges of the tray. 
These variables allowed estimation of the fuel moisture of extinction to be used as an 
input for the fire behaviour module in the BehavePlus model. 
 
Midflame wind speed and wind adjustment factor 
 The 10 m wind speed for three days (11, 12 and 13 of September 2013) was 
obtained from the Australian Bureau of Meteorology for the closest weather station 
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(Campbelltown, 409 m from the CPW site, 2125 m from the LI site) and compared with 
data acquired on the same dates from a portable weather station (WH-2080, Fine-Offset 
Co, Shenzhen, China) installed in CPW and LI at 2m height and under the crown. The 
data was averaged every 30 min and the ratio was calculated to be used as the wind 
adjustment factor in the BehavePlus model. 
Fuel heat content and fuel surface area to volume ratio  
There is considerable variation in heat content (H) within similar fuel types (e.g. 
Williams et al. 1998), as well as between plant species (e.g. Gillon et al. 1997). In 
instances where specific values of H are not known, values of 15.5 MJ kg-1 (Griffin and 
Friedel 1984) have been used for savannah-like vegetation, and values of 18.7 MJ kg-1 
(Alexander 1982) or 21.4 MJ kg-1 (Susott 1982) have been used for forests. This study 
used the values adopted by Alexander (1982) for the models applied to predict fire 
spread in CPW and II (18.7 MJ kg-1). The value of H (20.2 MJ kg-1) used for the models 
applied to predict fire behaviour in LI areas was obtained by burning a bulked sample of 
green leaves (oven-dried at 75 ˚C for 48 h and finely ground; see Section 4.2.2) in an 
oxygen bomb calorimeter (Parr 6400 Calorimeter, Illinois, USA). 
 The 1-h surface area to volume ratio (SA/V) is a fuel model parameter used as an 
input for the fuel models used by the BehavePlus model. The 1-h SA/V is the amount of 
area on the outside of the fuel (surface area) divided by the volume of the fuel. The 1-h 
fuel is dead fuel <6 mm diameter. Input values for the 1-h SA/V were obtained from the 
literature using the Rothermel (1983) comparison methodology, improved by Scott and 
Burgan (2005). 
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5.3.4. Fire behaviour simulations 
The fire behaviour for each vegetation type (CPW, II and LI) was modelled with 
the most appropriate models available (Table 5.1). The range of wind speed was varied 
from 0–50 km h-1 allowing comparisons across all the models used for each vegetation 
type. Grass curing of 100% and a Drought Factor of 10 was used to represent worst case 
conditions. The simulated range for dead fuel moisture (DFM) was 5–20%. 
 
Table 5.1. Models used to predict fire behaviour for each of the study areas.  
Cumberland Plain 
Woodland 
Intermediate 
invasion 
Long-term African 
Olive invasion 
BehavePlus (Andrews 
1986),  
Forest Fire Danger 
Meter (McArthur 1976), 
Vesta (Gould et al. 
2007b)  
BehavePlus 
(Andrews 1986), 
Grassland Fire 
Spread Model 
(Cheney et al. 1998) 
BehavePlus 
(Andrews 1986) 
 
Simulations using the BehavePlus model  
After the fuel model was built for each vegetation type, the data was inserted in 
the BehavePlus model in order to simulate: (1) maximum surface rate of spread; (2) 
heat release per unit area; (3) fireline intensity; and (4) flame length. Andrews (2009) 
report the Rothermel Fire Spread model calculations as highly sensitive to the fuel bed 
depth therefore the fuel bed depth was assumed to be homogeneous. The fuel bed depth 
measured in the field for LI was 0.02 m. A sensitivity analysis was performed to quantify 
the contributions of fuel bed depth for fire predictions in LI. As a baseline for this 
analysis, a reference scenario was used with mean parameter values from the LI area. 
The predictions were then compared to the data collected from the prescribed burn 
applied to one of the study plots to confirm the reliability of the model and determine 
which one best fits to the reality observed in the field. A more comprehensive data set 
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involving experimental burning of more than one area would be desirable for future 
work to make predictions more robust. For II and CPW, surface fuel height was used as 
fuel bed depth. Inputs for the fuel models created for the BehavePlus model are 
presented in Table 5.2. 
 
Table 5. 2. Input data used in the construction of fuel models for areas of long-term 
invasion with African Olive (LI), intermediate invasion (II) and Cumberland Plain 
Woodland (CPW) using the BehavePlus model. 
    Input value(s) 
Input variables LI II CPW 
Fuel/vegetation, surface/understorey 
   
 
Fuel load transfer portion 0 0 0 
 
Fuel model type D D D 
 
1-h fuel load (t ha-1) 7.2 3.6 4.8 
 
10-h fuel load (t ha-1) 8.22 0.7 4.3 
 
100-h fuel load (t ha-1) 12.83 0 18.8 
 
Live herbaceous fuel load (t ha-1) 0 1.5 0.2 
 
Live woody fuel load (t ha-1) 0 0 0 
 
1-h SA/V (m2 m-3) 5906 7218 5906 
 
Live herbaceous SA/V (m2 m-3) 5249 6562 5249 
 
Live woody SA/V (m2 m-3) 5249 4921 4593 
 
Fuel bed depth (m) 0.02, 0.06, 0.19 0.36 0.24 
 
Dead fuel moisture of extinction (%) 20 40 30 
 
Dead fuel heat content (kJ kg-1) 20211 18622 18622 
 
Live fuel heat content (kJ kg-1) 20211 18622 18622 
Fuel moisture 
    Dead fuel moisture (%) 5, 10, 15, 20 5, 10, 15, 20 5, 10, 15, 20 
 
Live fuel moisture (%) 100 100 100 
 
Foliar moisture (%) 100 100 100 
  Wind adjustment factor 0.1  1 0.3 
 
 
Simulations using the Vesta and Forest Fire Danger Meter models  
The fuel characterisation data was used together with the Vesta tables (Gould et 
al. 2007b; 2011) and the Forest Fire Danger Meter (McArthur 1967) to calculate fire 
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rate of spread and flame height curves which were then compared with outputs from 
the BehavePlus model and the limited data from a prescribed fire applied to the study 
site. 
To calculate the Vesta model predictions, FHS and PCS values for the surface and 
near-surface fuels were combined and compared to fire behaviour tables presented in 
Gould et al. (2007b). The model predicts rate of spread of a fully developed fire in dry 
eucalypt forest with a shrub understorey and should applicable to any eucalypt fuel that 
is dominated by leaf litter and native shrubs with only a relatively small fraction of 
grass in the understorey. The predicted rate of spread will be the potential quasi-steady 
rate of spread for a fire burning under summer conditions after the fire has undergone 
its initial growth phase and each curve is adjusted according to the representative fuel 
moisture (Gould et al. 2007a). 
To predict fire behaviour using the Forest Fire Danger Index (FFDI; McArthur 
1967), indices had to be calculated for each dead fuel moisture condition under 
different wind speed scenarios. The FFDI was calculated as a function of fuel moisture, 
wind and fuel according to equations presented by Matthews (2010). The flame height 
obtained in the predictions was transformed to flame length using the equations 
provided by Albini (1981). 
 
Grassland Fire Danger model 
As the main fuel in II was grass, the rate of fire spread and flame height 
predictions were calculated using the vegetation characterisation data as inputs for the 
GFDM model for native ungrazed grass (Cheney et al. 1998). When using the GFDM it 
was necessary to transform the data from flame height to flame length using the 
equations provided by Albini (1981). 
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5.3. Results 
 Fire behaviour predictions for CPW varied according to the dead fuel moisture 
scenario and wind speed. To simplify the presentation of the data, the results described 
here are those using maximum values in a 50 km h-1 wind speed at 10 m in the open 
wind speed scenario and any variations are a consequence of a change in DFM. Even 
though the BehavePlus model and FFDI can predict rate of spread and flame length for 
wind speeds above 50 km h-1, the results presented here are shown only to this speed 
limit to allow comparisons with the Vesta model. 
 
Dead fuel moisture of extinction 
 The dead fuel moisture of extinction was determined prior to fire simulations 
(Table 5.3). For the fuel model for LI, the moisture content of extinction was set at 20% 
(Table 5.2). 
 
Table 5. 3. Ignition success rate and percentage of times the fuel bed burned to the edge 
of the tray for different fuel moisture content (0, 10, 20 and 30%)for surface fuel from 
areas of long-term invasion with African Olive (LI) and Cumberland Plain Woodland 
(CPW). 
Fuel moisture (%) Ignition success rate (%) Times burned to edge (%) 
 
LI CPW LI CPW 
0 100 100 100 100 
10 100 100 20 100 
20 100 100 0 100 
30 70 90 0 70 
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5.3.1. Predicted fire behaviour in Cumberland Plain Woodland 
 Rate of spread 
 When using the Vesta model it was predicted that the ROS using a scenario of 
50 km h-1 wind speed at 10 m in the open varied as a consequence of changes in DFM 
(Figure 5.1.a.). For the 5% DFM scenario, the maximum predicted rate of spread was 
30.3 m min-1 and this speed dropped as DFM increased. For 10% DFM, the maximum 
predicted rate of spread was 10.8 m min-1, at 15% DFM was 5.8 m min-1, and using a 
20% DFM scenario was 3.8 m min-1. Although the fuel moisture of extinction for the 
CPW was found to be 25%, the Vesta model does not make predictions above 20% DFM. 
Only the predictions made to a maximum of 20% DFM are presented to allow 
comparisons with other models.  
The FFDM showed that for the 5% DFM scenario, the maximum ROS for wind 
speeds of 50 km h-1 was 3.6 m min-1. For the same wind speed, ROS decreased as DFM 
increased and at the higher end of the dead fuel moisture content (20%) the predicted 
ROS was 0.1 m min-1 (Fig. 5.1b). 
The ROS predictions from the BehavePlus model for 5% DFM using the 50 km h-1 
wind speed scenario was 4.1 m min-1. For 10% DFM, the ROS decreased to 3.0 m min-1. 
At 15% DFM the ROS was 2.5 m min-1 and at 20% DFM was 2.1 m min-1 (Fig. 5.1c). 
The predicted ROS was faster for lower DFM conditions for all models. In the 5% 
DFM scenario at a 50 km h-1 wind speed, the ROS was slowest for the FFDM model (3.6 
m min-1), only slightly faster for the BehavePlus model (4.1 m min-1) and 10-fold faster 
for the Vesta model (30.3 m min-1; Table 5.4). At the high end of the fuel moisture 
scenario, the pattern was similar with the slowest predicted ROS for the FFDM model 
(0.1 m min-1), and the highest predicted by the Vesta model (3.8 m min-1). 
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Figure 5. 1. Predicted surface rate of forward 
spread for Cumberland Plain Woodland by three 
different models: (a) the Vesta model; (b) the Forest 
Fire Danger Meter; and (c) the BehavePlus model at 
5, 10, 15 and 20% dead fuel moisture (DFM) 
conditions under increasing wind speed conditions. 
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Table 5. 4. Rate of spread and flame length predictions for Cumberland Plain 
Woodland using a 50 km h-1 wind speed scenario by BehavePlus, Vesta and 
Forest Fire Danger Meter (FFDM) models under different fuel moisture 
conditions. 
Fuel moisture 
(%) 
Rate of spread (m min-1) Flame length (m) 
BehavePlus Vesta FFDM BehavePlus Vesta FFDM 
5 4.1 30.3 3.6 1.7 12.4 9.1 
10 3 10.8 0.8 1.1 6.6 4.9 
15 2.5 5.8 0.3 1 4.6 3.8 
20 2.1 3.8 0.1 0.9 3.7 3.4 
 
Flame length 
 The flame length/height calculations used by each model differed greatly. When 
using the Vesta model, flame height prediction is directly related to the rate of spread of 
the fire head and the elevated fuel height (Gould et al. 2008). The mean elevated fuel 
height measured in CPW was 1.87 ± 0.07 m. The maximum flame length predicted for 
5% DFM and 50 km h-1 wind speeds was 12.4 m and was found to decrease with 
increasing DFM (Table 5.4). Consequently, maximum flame length predicted using the 
same wind speed scenario was 6.6, 4.6 and 3.7 m for 10, 15 and 20% DFM, respectively 
(Fig. 5.2a).  
When using the FFDM model, the flame height was firstly calculated according to 
the equations provided by Noble et al. (1980) however these did not represent the 
original tables on the meter in a satisfactory way. A linear equation based on the FFDM 
tables (McArthur 1967) was instead calculated to offer a better model for flame height:  
 
H = 10.698(R/1000) + 0.2656 [5.5] 
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where H = flame height (m) 
R = rate of spread (m h-1).  
 
 This equation only applies for a fuel load of 4.8 t ha-1. Flame height was then 
transformed to flame length using the equations provided by Albini (1981) allowing 
comparisons with the results produced by the BehavePlus and Vesta models.  
The maximum flame length predicted by the FFDM model in a 5% DFM scenario 
at 50 km h-1 wind speeds was 9.1 m. The maximum flame length predicted for the same 
wind speed scenario was 4.9, 3.8 and 3.4 m for 10, 15 and 20% DFM, respectively (Fig. 
5.2b). 
Flame length prediction from the BehavePlus model for 5% DFM using the 50 km 
h-1 wind speed scenario was 1.7 m. For 10% DFM, the flame length decreased to 1.0 m. 
At 15% DFM, the flame length was 1.0 m and was 0.9 m at 20% DFM (Fig. 5.2c). 
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Figure 5. 2. Predicted flame length for Cumberland 
Plain Woodland by three different models: (a) the 
Vesta model; (b) the Forest Fire Danger Meter; and 
(c) the BehavePlus model at 5, 10, 15 and 20% dead 
fuel moisture (DFM) conditions under increasing 
wind speed conditions. 
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Fireline intensity  
Only the BehavePlus model is able to predict fireline intensity. For 5% DFM and a 
wind speed of 50 km h-1, the fire line intensity was 540 kW m-1. For 10% DFM, the 
intensity declined to 325 kW m-1. The predicted fire line intensity for 15% DFM was 257 
kW m-1 and at 20% DFM the fire line intensity was 198 kW m-1. The same parameter in a 
25% DFM scenario was predicted to be 92 kW m-1 (Fig. 5.3). 
 
 
Figure 5. 3. Fireline intensity predictions for 
Cumberland Plain Woodland from the BehavePlus 
model using different dead fuel moisture (DFM) 
conditions under increasing wind speed conditions. 
 
5.3.2. Predicted fire behaviour in areas of intermediate invasion 
Rate of spread 
 When using the BehavePlus model, the surface ROS with a 50 km h-1 wind speed 
scenario was predicted to vary as a consequence of changes in DFM up to 35% 
moisture. Even though the BehavePlus model can predict ROS and flame length for wind 
speeds above 50 km h-1 and DFM greater than 20%, the results presented in this work 
are shown only to a maximum of 50 km h-1 wind speed to allow comparisons between 
models. For 5% DFM, the maximum predicted ROS was 60.3 m min-1 (Fig. 5.4a). For 
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10% DFM, the maximum predicted ROS was 31.0 m min-1, 21.1 m min-1 at 15% DFM and 
17.0 m min-1 at 20% DFM. It is important to highlight that the ROS in the BehavePlus 
model includes a wind limit function that is based on the assumption that higher 
intensity fires can withstand higher wind speeds than fires with lower intensities. This 
is particularly important for grass fires because a small wind reduction factor means 
fires are more likely to reach the limit than forest fires (Andrews et al. 2013).  
The GFDM model predicted that using a 5% DFM scenario, the maximum ROS for 
wind speeds of 50 km h-1 was 105.3 m min-1. For 10% DFM under the same wind 
conditions, the rate of spread was almost halved to 61.3 m min-1, and kept decreasing as 
DFM increased. The predicted rate of spread at 15 and 20% DFM was 37.0 and 16.4 m 
min-1, respectively (Fig. 5.4b). The GFDM model predicted a higher ROS than the 
BehavePlus model except at high moisture contents (Table 5.5).  
 
Table 5. 5. Rate of spread and flame length predictions for a 50 km 
h-1 wind speed scenario from the BehavePlus model and the 
Grassland Fire Danger Meter (GFDM) model under different fuel 
moisture conditions in areas of intermediate invasion. 
Fuel moisture 
(%) 
Rate of spread (m min-1) Flame length (m) 
BehavePlus GFDM BehavePlus GFDM 
5 60.3 105.3 2.5 4.2 
10 31.0 61.3 1.7 3.7 
15 21.1 37.0 1.3 3.3 
20 17.0 16.4 1.2 2.8 
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Figure 5. 4. Predicted surface rate of forward 
spread in areas of intermediate invasion by African 
Olive using two different models: (a) the 
BehavePlus model and (b) the Grassland Fire 
Danger Meter at 5, 10, 15 and 20% dead fuel 
moisture (DFM) conditions under increasing wind 
speed conditions. 
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Flame length 
 For the BehavePlus model, the maximum flame length predicted for 5% DFM and 
50 km h-1 wind speed was 2.5 m and decreased with increasing DFM (Table 5.5). 
Consequently, maximum flame length predicted using the same wind speed scenario 
was 1.7, 1.3 and 1.2 m for 10, 15 and 20% DFM, respectively (Fig. 5.5a).  
 When using the GFDM model it was necessary to transform the data from flame 
height to flame length using the equations provided by Albini (1981). The maximum 
flame length predicted for 5% DFM and 50 km h-1 wind speed was 4.2 m (Table 5.5). 
The maximum flame length predicted using the same wind speed scenario was 3.7 m at 
10% DFM, 3.3 m at 15% DFM and 2.8 m at 20% DFM (Fig. 5.5b). 
 
Fireline intensity 
Predictions of fireline intensity for areas of intermediate invasion were possible 
using the BehavePlus model. For 5% DFM and 50 km h-1, the fire line intensity was 1887 
kW m-1. For 10% DFM, the intensity declined to 798 kW m-1, 495 kW m-1 at 15% DFM 
and 386 kW m-1 at 20% DFM (Fig. 5.6). 
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Figure 5. 5. Predicted flame length in areas of 
intermediate invasion by African Olive using two 
different models: (a) the BehavePlus model and (b) 
the Grassland Fire Danger Meter at 5, 10, 15 and 
20% dead fuel moisture (DFM) conditions under 
increasing wind speed conditions. 
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Figure 5. 6. Predicted fireline intensity in areas of 
intermediate invasion by African Olive using the 
BehavePlus model at 5, 10, 15 and 20% dead fuel 
moisture (DFM) conditions under increasing wind 
speed conditions. 
 
5.3.3. Predicted fire behaviour in sites invaded with African Olive  
 Prediction of fire behaviour for areas with long-term invasion by African Olive 
(LI) were made using the BehavePlus model. The mean depth of the fuel bed in LI was 
0.022 ± 0.006 m and was composed mostly of intact leaves of African Olive (see Section 
2.3.3). Predicted fire behaviour in LI using the BehavePlus model varied strongly with 
changes in fuel bed depth. However, for the fuel bed depth measured in the field, 
regardless of the DFM scenario or surface wind speed used, the simulations did not 
show any fire spread (Fig. 5.7a, d, g). 
When the fuel bed depth was changed to 0.06 m, the predicted fire behaviour 
was similar to that observed during the prescribed fire. The prescribed fire happened 
on 11 March 2013 at 12:25 pm with northerly wind conditions (10 km h-1 wind speed 
measured at the site), local temperature of 26 ˚C, and relative humidity of 44% showed 
very slow fire development. The average flame height was 0.23 ± 0.15 m with the 
surface layer acting as the main fuel source for the fire with occasional burning of 
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clusters of near surface fuel. The ROS of the prescribed fire was 0.15 m min-1. The model 
showed a similar ROS with the prescribed fire but there are no other published data 
relating to fire behaviour in pure stands of African Olive for comparison. 
 For simulations using a 0.06 m fuel bed depth, a wind speed of 50 km h-1 and 5% 
DFM scenario, the maximum surface rate of spread was 0.1 m min-1, the flame length 
was 0.1 m and the fireline intensity was 1 kW m-1. At 10% DFM, the predicted results 
were the same as for 5% DFM while no ROS was predicted for the 15% DFM scenario 
(Fig. 5.7b, e, h). 
 The height of the near surface fuel measured for LI was 0.19 ± 0.09 m (see 
Section 2.3.3). This fuel layer was mainly composed of seedlings of African Olive 
forming a non-continuous layer of live fuel. Although the fuel layer was not uniform, the 
height of this layer was used as the input for fuel bed depth in the model in order to 
explore the possible differences in predictions. In the case where the fuel bed height 
was 0.19 m, fire behaviour predictions were different for each scenario (Fig. 5.7c, f, i). 
The maximum surface ROS with a 50 km h-1 wind speed for 5% DFM was 2.2 m min-1. At 
10% DFM, this speed decreased to 1.6 m min-1 and at 15% DFM, the speed was 1.1 m 
min-1. The predicted flame length was 1.5, 1.3 and 1.0 m for 5, 10 and 15% DFM, 
respectively. The fireline intensity under a 50 km h-1 wind speed was 268, 176 and 103 
kW m-1 for 5, 10 and 15% DFM, respectively. 
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Figure 5. 7. Predictions of (a, b, c) surface rate of spread; (d, e, f) flame length; and (g, h, i) fireline intensity for long-term invasion by African 
Olive using the BehavePlus model for three different fuel depths: 0.02 m (a, d, g), 0.06 m (b, e, h) and 0.19 m (c, f, i), respectively. 
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5.4. Discussion 
5.4.1. Inter-model comparisons: Cumberland Plain Woodland 
Rate of spread 
 The differences in ROS predictions among the Vesta, FFDM and BehavePlus 
models for CPW varied according to fuel moisture. At the high end of the wind speed 
prediction scenario and 5% DFM, the Vesta model predicted a ROS that was 86% faster 
than the predictions made by the BehavePlus model and 88% faster than the FFDM 
model. At the highest DFM, the discrepancy in predictions between the Vesta and 
BehavePlus models diminished slightly. At 10% DFM, predictions of ROS were more 
than 70% faster than predictions made by the BehavePlus model and 92% faster than 
the FFDM model. At 15% DFM, the ROS predicted by the Vesta model was 57% and 94% 
faster than BehavePlus and FFDM models, respectively. At 20% DFM, the predicted ROS 
was 44% faster for the Vesta model compared to the BehavePlus model and 97% faster 
than the FFDM model. 
Each model used in this study was built using a different framework and varied 
according to the inputs required to generate ROS predictions. The Vesta model used the 
fuel hazard score of the surface and near-surface layer to generate the ROS to predict 
fully developed large-scale fires (Gould et al. 2007a). Both FFDM and BehavePlus 
models used a description of the fuel to predict ROS. The Vesta model was developed 
using fully developed fires taking into account fuel structure while the FFDM model was 
developed using small fires in areas containing none or little understorey. In 
comparison, the BehavePlus model was developed using laboratory-based fires. Such 
differences in model development have implications for ROS predictions. Predictions of 
ROS using the BehavePlus model were derived from basic fire knowledge, fuel physics 
and combustion and thermodynamic principles supported by laboratory test fires 
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(Gould 1991). Rate of spread predicted by the Rothermel model and the associated 
predictions of flame length are highly influenced by the surface-area-to volume ratio 
and fuel height (Gould 1991). However, fuel load does not influence ROS but can 
strongly affect predictions of flame length. In comparison, the FFDM model (McArthur 
1967) assumes that the ROS is strongly connected to the fuel load. Gould (1991) 
suggested that the overall algorithm relating ROS to windspeed used by the Rothermel 
model would cause the model to under-predict ROS at low wind speeds and over-
predict at high wind speeds. Andrews et al. (2013) revised the wind limit function used 
in the Rothermel model and suggested that to avoid potential under-prediction of fire 
behaviour neither the original nor the improved revised wind limit should be imposed 
on the spread rate calculations and that the modelled ROS should not exceed the 
effective midflame wind speed. 
The advantages and disadvantages of each model were compared for the 
different vegetation types investigated. The Vesta model was developed to predict fire 
spread in dry eucalypt forests with litter and shrub understorey but has not been 
validated in forests with a predominantly grassy understorey (Gould et al. 2007b), as is 
the case in many areas of the Cumberland Plain Woodland (Benson and Howell 2002; 
Watson et al. 2009). Although the model presents good quality results it assumes that 
predictions are for fires burning under summer conditions on fully developed fires 
(head fires of around 100 m) and when wind speed is less than 20 km h-1 (Gould et al. 
2007b). The predictions made by the Vesta model in this study are therefore likely to be 
over-/underestimates given the assumptions needed by the model and the differences 
found in the weather conditions and in CPW vegetation. Gould et al. (2007a) showed 
that the Vesta model was validated to predict fire spread with accuracy of ±25% as long 
as the weather conditions are within the range measured by their work and the 
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vegetation is a dry eucalypt forest. Cruz and Alexander (2013) analysing 1278 
individual model predictions versus observations found an under-prediction in 64% of 
the cases. The main discrepancy found among the predictions made by the Vesta, 
BehavePlus and FFDM models is possibly being caused by the misprediction associated 
with the latter two models. 
Cruz and Alexander (2013) analysed 49 studies comparing pairs of fire spread 
predictions and the related observations of fire behaviour. Thirty of the 49 studies used 
the Rothermel (1972) Fire Spread model to predict this characteristic. Only 16% of 
these studies predicted fire behaviour with accuracy of ±30%, half of the studies had an 
accuracy ranging from ±51–75%. Independent of the level of accuracy of the predictions 
using Rothermel model it is still important to test the results obtained in this work and 
compare them against real fires. 
Each of the models used in the current study was developed with a specific aim 
and came from a different research background. Researchers developing the precursor 
of the BehavePlus model in the United States had engineering backgrounds and viewed 
fires as being a series of physics and fluid dynamic problems to be solved. In Australia, 
the researchers involved in studying fires were mostly from a forestry background. 
Moore (1986) pointed out that this basic difference was the major cause of most of the 
contrasting elements between the Behave and FFDM models leading to differences in 
flame length prediction. Although there are statistical differences among predictions, it 
is important to highlight that the FFDM model assumes that the fuel loading is 12.5 t ha-
1. The FFDM can be adjusted for alternative fuel loads by dividing the actual load by the 
fuel weight assumed in the development of the FFDM. Burrows (1994) showed that 
there is underprediction of ROS when wind speeds are low and fuel quantities are high 
for both models. Burrows (1994) claims that even though both models assume a direct 
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relationship between fuel quantity and ROS, the FFDM model seriously underpredicts 
the ROS of fires burning at high wind speeds and low fuel moisture and only a 
marginally better prediction can be obtained using the Rothermel model, a result 
supported by the current study. 
 
 Flame length  
 The predicted flame length for the Vesta, FFDM and BehavePlus models for CPW 
varied according to fuel moisture. At the lowest DFM (5%), the flame length predicted 
by the Vesta model was 86% longer than the predictions made by the BehavePlus model 
and 26% longer than the predictions made by the FFDM model. At the highest DFM 
(20%), the prediction from the Vesta model was 75% longer than the BehavePlus model 
and 8% longer than predictions from the FFDM model. 
 The main reason for the large differences in predicted flame lengths is due to the 
way each model incorporates fuel arrangement. The flame length predicted in the Vesta 
model takes into consideration the height of elevated fuel and ROS. The surface module 
of BehavePlus model assumes the fuel is a horizontally uniform bed and calculates the 
flame length from fireline intensity. Even though fuel depth can be used to influence the 
flame length on BehavePlus this is particular exception on the way the fire behaviour is 
modeled in this software and would not be representative for this specific Australian 
vegetation due to fuel vertical discontinuity. Similarly, flame length predicted by the 
FFDM model assumes the fuel structure as a dry eucalypt forest without a developed 
elevated fuel layer (Moore 1986).  
 Each model used in this study has its own limitation for predicting flame length. 
Although the relationship between flame length and fire intensity is not linear it is still 
provides firefighters and fire managers with a powerful way of understanding the 
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behaviour of a flame. Experienced personnel are needed when evaluating these 
variables and deciding which model should be applied in each type of vegetation. The 
latest empirical models, in this case the Vesta model, tended to present more realistic 
predictions for flame length in this vegetation type. 
The BehavePlus model was originally developed for fuels in the United States 
and the system uses the Byram flame length-intensity relation to predict surface fire 
flame length (Alexander 1982). Cruz and Alexander (2010) showed that the Byram 
flame length-intensity relationship can produce results that range from underprediction 
to good approximations to reality for some fuel types but consistently underpredicts 
crown fires. The Byram flame length-intensity relationship was developed from a single 
field study in one fuel type. However there are at least another 19 flame length-intensity 
relationships described in the literature with a wide variety of outputs (Alexander and 
Cruz 2012) so the predictions presented here could be modified using a different 
relationship if it was found to perform better in a given fuel type. 
The calculation used for flame height in the Vesta model gives a reasonably good 
prediction when the flame height of surface fires is up to 8 m (Gould et al. 2007b). 
However, when flame heights exceeds this limit there is the likely to be torching or 
crown fires in the intermediate and overstorey canopies depending on the bark hazard 
and density of the intermediate and overstorey layers. The trigonometric relationship 
between flame height and flame length always make the flame length longer than the 
measured flame height when flame is tilted. In this study, the prediction for the greatest 
flame length was given using the Vesta model and, at times exceeded 8 m. However, it is 
important to note that the vegetation types for which the predictions were made had no 
intermediate canopy layer. Therefore the chance of a crown fire developing is 
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diminished due to the size of the gap between the surface fuel bed and the canopy and 
also to the very discontinuous canopy cover. 
As shown for ROS, the FFDM model tends to underpredict flame height due to 
absence of a shrub fuel in the experimental fires used in its development (Burrows 
1994; 1999a). Fire intensity and flame length are related by a power function (Burrows 
1984) and the model coefficient used by the FFDM model is significantly different from 
those derived from the Byram flame length-intensity relation. The coefficient 
differences are likely to vary between different fuel types so flame length is not a 
reliable estimator of fire intensity when comparing fires in different fuels (Burrows 
1984). 
 
5.4.2. Inter-model comparisons: intermediate invasion 
There were differences for ROS predictions between the BehavePlus and GFDM 
models for the II fuel type. At the high end of the wind speed prediction scenario and 
DFM of 5–15%, the predicted ROS from the GFDM model was 51–57% faster than from 
the BehavePlus model. The predicted ROS for the GFDM model was similar or slower 
than the predictions from the BehavePlus model only when DFM was 20% or higher. 
From 5–15% DFM, the flame lengths predicted by the GFDM model were approximately 
two times longer than for the BehavePlus model. The differences in ROS predictions are 
mainly explained by the influence of fuel bed depth and bulk density of the fuel. For the 
BehavePlus model this characteristic can be a direct input from field measurements or 
derived from one of the fuel type models described by Scott and Burgan (2005).  
The ROS predicted by the GFDM model is based on work from McArthur (1966) 
and Noble et al. (1980) with improvements by Cheney et al. (1998). Work done by 
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Cheney et al. (1998) considered not only the packing ratio of fuel but also incorporated 
adjustments for the degree of curing, pasture condition and the influence of wind. Rate 
of spread predictions using the BehavePlus model use the relationships developed by 
Rothermel (1972) and the fuel models of grass-shrub vegetation type developed by 
Scott and Burgan (2005) are closest to II areas.  
Areas of II were covered by grasses with young individuals of African Olive 
scattered throughout (see Chapter 2). In this vegetation type, the grass fuel is the main 
driver of the fire front. Fires in continuous natural grassland tend to have a fast ROS, 
develop very quickly and react to wind speed and direction almost instantly (Cheney 
and Sullivan 2008). Both models predicted ROS within the normal range of speed 
recorded for grassfires in Australia (Noble 1991; Cheney and Sullivan 2008).  
 Grassfire predictions are relatively simple when compared to fires in forest, 
woodland or shrubland. The architecture of grass makes fires in this vegetation type 
highly responsive to changes in the weather which give firefighters the feeling that the 
fire behaviour is erratic and hard to forecast (Cheney and Sullivan 2008). Despite this, if 
weather variables are known or can be accurately measured, the fire behaviour of 
grassfires can be predicted reasonably well (Cheney et al. 1998; Cheney and Sullivan 
2008). 
 Flame length predictions made using the GFDM model were double that made 
using the BehavePlus model for all moisture scenarios. The GFDM model does not 
predict fireline intensity however the values predicted by the BehavePlus model were 
within the range reported for Australian savannas (Griffin and Friedel 1984). Flame 
length and fire intensity are important variables for fire managers and firefighters to 
know and it is possible to calculate the size of fire breaks according to predicted flame 
intensity and length (Wilson 1988).  
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 The effects of young individuals of African Olive in areas of II were not captured 
by the models due to the way the fuel is taken in account, however, it is unlikely that the 
fire behaviour would be altered due to their presence. Grassland areas invaded with 
African Olive are more likely to burn in a patchy pattern leaving islands of non-burned 
areas around the young trees due to their high moisture content (personal observation). 
The fast nature of grassfires would not allow enough time for the majority of the tree to 
heat up to lethal temperature. However, von Richter (2005) showed that low intensity 
fires with flames height up to 1.2 m killed 100% of Olive with stem diameter smaller 
than 5 mm and 80% of Olive measuring less than 20 mm diameter suggesting that fire 
could be used as a means of control in initial stages of invasion. 
Even though it is possible to achieve good predictions in this vegetation type 
with a custom made fuel type using the BehavePlus model, the GFDM model is still 
widely used by fire managers in Australia. This study has shown that experienced 
professionals could use results from both models to achieve better results during 
prescribed fire in areas invaded by woody weeds. 
 
5.4.3. Long-term invasion by African Olive 
 Due to the lack of information for fire behaviour in stands of African Olive one of 
the aims of this study was to build a fuel model able to represent this vegetation type 
and to compare the possible outcomes of fire prediction using different weather 
scenarios. The BehavePlus model was used to predict fire behaviour in this new fuel 
type. However, due to the large variability in the litter layer depth in LI and the 
sensitivity of the BehavePlus model to this variable, three vegetation models were built 
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varying the fuel bed depth in each of them allowing comparison of how each depth 
would affect fire behaviour predictions. 
 The first fuel model used an average fuel bed depth of 0.022 m (the measured 
fuel bed depth) and did not show any fire spread (0 m min-1 ROS and 0 m flame height). 
In the second fuel model, a depth of 0.060 m was used as this is the minimum fuel depth 
used for models created by Scott and Burgan (2005). This model predicted values close 
to what was measured during a low intensity prescribed fire. The BehavePlus model 
uses fuel depth as an input value to determine bulk density of the fuel bed which is an 
intermediate value to Rothermel’s Surface Fire Spread model (White et al. 2013a). In 
this way, a small change in the fuel depth can cause a major change in the bulk density 
of the fuel and lead to a misprediction of how a fire would behave in the vegetation. In 
the third fuel model, the average height of understorey seedlings present was used as 
the fuel bed depth. This model predicted the fastest and longest flames with reasonable 
results for fire intensity. Seedlings of African Olive form a dense matt under parent trees 
(Cuneo and Leishman 2006) and could possibly burn during a prescribed fire due to 
their smaller diameter (von Richter et al. 2005). However, even though this “layer” of 
thin live twigs could catch fire, it is not continuous and is not likely to carry fire for any 
distance making this an unrealistic fuel scenario. 
 Establishing scenarios grounded in realistic field values and measurable 
parameters made it possible to estimate fuel load that, when associated with 
topography and weather, allowed rational predictions of fire behaviour (White et al. 
2013a). As there are no Australian models or methods that can accurately measure and 
describe fire behaviour in a novel fuel type, the use of software that allows the 
construction of fuel models (e.g. the BehavePlus model) was warranted.  
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5.5.2. Management implications 
 This is the first study to compares fire behaviour predictions from BehavePlus, 
FFDM, Vesta and GFDM models in Australian fuels. There have been previous attempts 
to compare the FFDM and Behave models (Moore 1986; Gould 1991; Burrows (1994) 
but there are no published studies as this one. Understanding the drivers of 
flammability and the best way accurately to predict fire behaviour is becoming more 
important. New plant species are still being transported across continents and have the 
potential of becoming invasive (Groves 2006). With this the risk of fuel structure and 
load and flammability alteration poses a new challenge to fire scientists as making fire 
behaviour predictions is extremely difficult. 
There are intrinsic limitations when it comes to fire modelling independently of 
using empirical or physical models (Sullivan 2009a, 2009b). This study shows that, in 
some instances, fire behaviour predictions made by the BehavePlus model were close to 
what was predicted using the Vesta and FFDM models. For example, the BehavePlus and 
FFDM models had similar ROS at higher fuel moisture (20%). This indicates that the 
manipulation of this factor could be used in both models to fine tune the fire behaviour 
prediction process to improve the results (Matthews 2010; Matthews et al. 2010). 
Similarly, the predictions made with the GFDM and BehavePlus models showed some 
similarities and can be used together to improve management of areas that have grasses 
as the main driver for fire spread. 
Recent studies have concluded that the BehavePlus model often underestimates 
fire behaviour (Streeks et al. 2005; Stephens et al. 2008; Cruz and Alexander 2013; 
White et al. 2013a). Although this model has limitations, it is important to highlight that 
its efficiency can be improved when the values of the fuel characteristics are directly 
measured and used as inputs for the fuel bed models (i.e. this work) instead of using 
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standard fuel models (Grabner et al. 1997; White et al. 2013a). When used by 
experienced fire managers, the BehavePlus model proved to be a strong tool with a 
friendly user interface that is able to produce insights about the potential fire behaviour 
for novel fuel types (White et al. 2013a).  
The fire behaviour predictions for native fuels made by the BehavePlus model in 
this study tended to underestimate the results when compared with empirical 
approaches of prediction such as the Vesta and FFDM models. The underestimation of 
the fire spread is mostly due to the difficulty in quantifying the fraction and packing 
ratio of the litter composing the fuel layer which is the main driven for fire spread (Cruz 
and Fernandes 2008). The BehavePlus model was developed to predict fires in fuels 
composed of leaves of softwood from the northern United States. These leaves are 
considerably different from the broad, sclerophyllous leaves that compose most of the 
litter in Australian forests. Although the BehavePlus model allows the customisation of 
fuel models (Andrews 2013), the structure of Australian fuels and limited litter depth, 
rarely exceeding 5 cm, tend to increase the fuel consumption producing longer flame 
lengths and higher fire intensities (Moore 1986).  
When using the BehavePlus model, determining the fuel bed depth is uncertain. 
Even though this variable was measured in the field, the terrain and slope can create 
substantial variations during the burning process accelerating or slowing flames 
through the fuel over time. Differences in fuel moisture among vegetation types for 
given weather conditions was also not considered and more studies involving this 
aspect of the fuel are still needed. To fine tune the construction of fuel models to 
improve accuracy of predictions more observations of prescribed burns under different 
weather conditions are needed. The administration and funding needed to establish 
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large-scale burn experiments to validate fire spread models is extremely difficult and 
costly due to the risk associated with projects such as this. 
Rothermel (1991) found that flame length is not a set parameter and can vary 
according to the observer measuring it. This uncertainty would make it a poor predictor 
of fire behaviour from a scientific and engineering point of view. However, as this 
variable is readily observed on the fire ground and it provides a visual cue for fire 
intensity, it is worth including it as a primary fire variable. 
The species Olea europaea, of which African Olive is a subspecies, originated in 
Mediterranean regions of southern Europe and northern Africa. Wildfires in 
Mediterranean areas are known for their high intensity resulting in severe crown fires 
due to the high quantities of volatiles compounds present in leaves making them highly 
ignitable and combustible (Dimitrakopoulos 2001; Kozlowski 2012). The history of the 
species O. europaea and its domestication, cultivation and diffusion across the 
Mediterranean region is extremely complex (Terral et al. 2004). Olives have had 
millions of years to co-evolve with other species in their natural distribution (Lumaret 
and Ouazzani 2001). In its natural environment growing alongside other species, O. 
europaea can develop conditions for vertical continuity of the fuel which is fundamental 
for carrying fire to the crown. 
From the work described here, the possibility of a crown fire occurring in a stand 
of African Olive is relatively low unless extreme conditions take place. However, there 
are reports of severe fires happening in stands of African Olive in Australia (personal 
communication, G. Douglas, September 2013). Management authorities in highly 
infested areas such as in the Adelaide Hills in South Australia and Mount Annan in New 
South Wales are concerned about the damage that potential fires happening in these 
areas could cause to human assets and native vegetation in the surroundings areas 
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(Government of South Australia 2001; Olives 2004). In Australia, O. europea acts as an 
environmental engineer diminishing the canopy cover of natives by 80%, suppressing 
regeneration and eliminating native shrubs and ground cover species by 50% 
(Crossman 2002; Cuneo and Leishman 2012). The lack of fine fuel in the near surface 
layer and low amount of readily available fuel is likely to be the main reason for 
differences in fire behaviour in Mediterranean regions where Olea sp. is native and in 
Australia where it has become a highly invasive woody weed. 
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6. General conclusions and management implications 
6.1. General conclusions 
 The Australian flora is estimated to have around 25 000 plant species and the 
number of introduced plant species is thought to be at least equal to this (Groves 2002). 
African Olive (Olea europaea ssp. cuspidata) is recognised as a noxious weed in NSW 
and invasion by it is listed as key threatening process as these plants pose a potentially 
serious threat to threatened species. Besides, this species can negatively influence 
primary production, the environment or human health and must be fully suppressed 
and destroyed (Noxious Weeds Act 1993). Apart from the profound ecological impact 
caused by African Olive (Cuneo and Leishman 2012), no previous work has investigated 
how these plants can also alter the fuel structure and fire behaviour of invaded areas. 
This study has shown that vertical changes in fuel distribution promoted by African 
Olive associated with a deeper litter layer and a different light environment under the 
trees can have an important impact on fire behaviour in invaded areas. These 
characteristics are in addition to the increased sustainability of the combustion process 
in this fuel type associated with a greater effective heat of combustion than that 
measured for native Australian vegetation types. The combination of structural 
alteration of the fuel and longer flaming periods (sustainability) suggests that, in case of 
a fire event in this fuel type, the fire severity and ecological effects caused by it can be 
largely damaging to the environment and neighbouring assets. Even though fire 
behaviour models show much slower and less intense fires for areas invaded by African 
Olive compared to areas of intermediate invasion and Cumberland Plain Woodland, in a 
worst-case scenario, this vegetation could sustain a fire for long periods potentially 
causing a chain of damaging effects to the ecosystem and surrounding areas. 
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 Alteration of the vertical fuel distribution was also found in areas invaded with 
Cootamundra Wattle (Acacia baileyana). This species is considered an environmental 
weed under the Pest Plants and Animals Act 2005 in the Australian Capital Territory 
(ACT). The growth of the plant must be managed in a manner that reduces its numbers, 
spread and incidence and continuously inhibits its reproduction. In addition, the plant 
may not be sold, propagated or knowingly distributed. The presence of Cootamundra 
Wattle in Yellow Box-Red Gum Grassy Woodland in the ACT causes the vertical 
structure of the fuel to shift upwards towards the canopy and to be more evenly 
distributed vertically. This promotes a higher fire hazard in invaded sites compared to 
natural uninvaded areas. Although this woody weed causes alterations to the fuel 
structure and increases the fire hazard, the results presented indicate that flammability 
of this species does not differ from the native vegetation. Any changes in fire behaviour 
in these areas are likely to be due to an altered fuel structure and denser arrangement 
of fuel instead of changes in the effective heat of combustion or any other flammability-
related components. 
The differences in fuel load, structure and flammability found between African 
Olive and Cootamundra Wattle suggests that flammability traits could possibly relate to 
plant  origin and further investigation of this factor would worth include in future 
studies. Studies investigating correlations between leaf morphology and flammability 
are becoming more important as authorities have to deal with the consequences of 
plant invasion and the awareness of the general public increases. The characterisation 
of leaf traits from a range of species reinforced the notion that there are intrinsic 
differences among invasive and native plants. However we did not find strong 
correlations between leaf size and flammability traits as suggested in other studies. It 
seems more appropriate to consider the flammability of leaves as being independent 
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from or only having weak relationships with leaf morphology. The research presented 
shows that, in order to understand plant flammability, it is necessary to measure all of 
the components of flammability and a range of related variables. This type of analysis 
can be used to rank plant flammability to compare potential effects of burning woody 
weeds with native vegetation. A number of caveats such as plant structure still needed 
to be included in such a ranking system but as a first effort, this approach can 
conceivably be used in future fire management strategies. 
 For woody weeds, the characterisation of fuel architecture and fuel load 
combined with a strong data set describing flammability could provide robust inputs to 
feed existing models to predict fire behaviour in novel vegetation types. Testing and 
adapting existent fuel description methodologies used to describe Australian fuels (e.g. 
the Vesta method) in novel fuel types is also fundamental for comparing possible 
prediction outputs amongst different fire behaviour models and what is found in 
prescribed fires or wildfires. 
 The science involved in prediction of fire behaviour in Australia has mostly been 
developed through empirical models designed for and tested in native fuels (Cheney et 
al. 1993, Gould et al. 2007a, Cruz et al. 2010, Gould et al. 2013). Accurate fire prediction 
in areas invaded by woody weeds requires new fire spread models. Using new 
knowledge of leaf flammability and appropriate fuel description variables to build 
custom fuel type models and simulation of fires in quasi-physical models such as the 
BehavePlus model can provide fire managers with a powerful tool to reduce risk and to 
better apply their resources.  
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 6.2. Fire behaviour prediction limitations 
 The description of fuel loads is one of the most important variables used to 
develop fire behaviour models (Keane 2012). Fuel description systems try to catalogue 
information about the fuel bed in a logical way in order to use these variables as inputs 
to software or models capable of simulating/predicting fire behaviour and danger, fire 
effects and smoke emissions (Deeming et al. 1977; Anderson 1982; Sandberg et al. 
2001; Gould et al. 2007a; Arroyo et al. 2008).  
Keane (2012) summarises the approaches, methods and systems used to 
describe wildland surface fuel loading and how fire behaviour prediction models take 
them into account. This review summarises the limitations involved in actual fuel 
description systems and calls attention to the fact that none of the current fuel systems 
can be used in all phases of fire management, such as predicting fire spread and danger, 
estimating emissions and calculating flame length and intensity. There is a growing 
need for new methodologies that categorise and describe fuels in a simplified and cheap 
way but are also capable of detailing the complexity of the systems being observed 
(Keane 2012, Wise and Wright 2014).  
For a long time Australian fire authorities have used the models developed by 
McArthur (1962, 1967) which was developed using small localised fires to predict fire 
behaviour in forested vegetation. The Vesta model (Gould et al. 2007a) brought into 
perspective a new way of describing Australian fuels by dividing the fuel in different 
strata and ranking it according to a hazard score. This methodology is relatively easy 
and cheap, however, there are limitations in terms of the skill of the person making the 
assessment and in differences in perception between two different surveyors (Watson 
et al. 2012). Inconsistency in scoring fuel hazard can possibly lead to discrepancies in an 
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array of management applications and can affect fire fighting safety and effectiveness 
(Watson et al. 2012). 
Using the BehavePlus model to build a custom fuel type and simulate fires to 
predict fires in invaded areas seems to be an effective way to gain an insight to fire 
behaviour in novel vegetation types. For example, Dimitrakopoulos (2002) used the 
BehavePlus model to build customised fuel models for 181 distinct vegetation types and 
to simulate fire behaviour in these areas. However, the BehavePlus model has many 
limitations including the cost and effort needed to sample the vegetation in order to 
properly calculate the inputs and the way in which the mechanics of the model work. 
Although the BehavePlus model was developed using laboratory fires it permits entry of 
basic fuel model parameters, allowing analysis of how changes in various fuel variables 
(e.g. fuel bed depth, fine fuel SA/V, live fuel load, heat content) affect modelled fire 
behaviour (Andrews 2013). Due to many ecophysiological and structural singularities, 
each species of invasive plant will alter fuel loads of their surrounding environment in a 
very particular way. Having a tool like the BehavePlus model to simulate fire behaviour 
of invaded areas represents an important step forward in terms of management. 
However, validation of the outputs with measurements from real fire is still needed to 
adjust the models.  
 
6.3. The National Weeds Strategy, prescribed burning codes and plant 
flammability 
Invasive plant species or weeds are considered to be one of the biggest threats to 
communities and ecosystems causing a considerable biodiversity loss across the globe 
(Vitousek et al. 1997; Pyšek et al. 2009; Gaertner et al. 2014). The presence of invasive 
species causes impacts at all levels of biological organisation (Vilà et al. 2011), 
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decreasing the local biodiversity (Gaertner et al. 2009; Richardson and Gaertner 2013), 
altering the productivity of ecosystems (Richardson and Gaertner 2013), and changing 
nutrient cycling (Liao et al. 2008) and fire regimes (D'Antonio and Vitousek 1992; 
Brooks et al. 2004; Mandle et al. 2011). 
 In Australia, weeds have major impacts on the economy, environment and 
society by damaging natural landscapes, agricultural lands, water ways and coastal 
areas (Australian Weeds Strategy 2007). Estimates of the cost of weeds to the 
agricultural sector total around AUD$4 billion per year and while there are no estimates 
of the cost of weeds on conservation and biodiversity, it is believed that the value is 
around the same amount (Australian Weeds Strategy 2007). 
 The National Weeds Strategy Executive Committee (hereafter referred to as ‘the 
Committee’) was established in 1997 with the objective of providing a framework to 
reduce the economic, environmental and social impact of weeds (Australian Weeds 
Committee 2005). In the same year, the National Weeds Strategy (hereafter referred to 
as ‘the Strategy’) was released. The Strategy aimed to reduce the impact of weeds and to 
strengthen the cost efficiency and effectiveness of weed management. To implement the 
Strategy, the Committee identified that the biggest impact from weed problems in 
Australia related to the effect and spread of individual species (Thorp and Lynch 2000). 
Based on this conclusion, the work to develop a list of Weeds of National Significance 
(WONS) was started. In 1999, the inaugural list of WONS was announced and contained 
the 20 most important species at a national level. Since then, the Strategy has been 
replaced with a revised version called the Australian Weeds Strategy, and in 2012, an 
additional 12 species were added to the list of WONS. For each weed species on the list, 
there is a management guide and a national Best Practice Management manual 
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containing basic information of the impacts and the best ways to manage/eliminate the 
species.  
At a state level, the legislation dealing with weeds and the ways in which each 
state classifies its weeds of importance varies. The WONS still has an overall priority, 
however each state can have its own legislation to deal with weed species with high 
local impact that are not necesserily listed as a WONS.  
In general, the criteria used to classify weed species into different classes of 
importance do not take in account the impacts of these plants on the fire regime and fire 
behaviour. At present there is very little information on how invasive species can affect 
fire behaviour in Australia especially when it comes to woody weed species (Rossiter et 
al. 2003; Berry et al. 2011; Murray et al. 2013). Including information about plant 
flammability, describing the possible alteration in fuel structure and load and the fire-
related life history for each invasive plant species into a “fire section” in the WONS and 
other weed classification systems (e.g. NSW Invasive Species Plan (Department of 
Primary Industries 2008)) could lead to a more comprehensive and effective aproach in 
the management of invaded areas and proper evaluation of weed impacts.  
Studies describing the mechanisms by which weeds can alter the fire frequency 
are becoming more frequent (D'Antonio and Vitousek 1992; Brooks et al. 2004; Mandle 
et al. 2011), however it is hard to predict their effect on fire behaviour in infested areas. 
Generally, the invasion pattern of weeds start from roads or backyards into nearby 
vegetation (Higgins and Richardson 1996; Groves et al. 2005; Arteaga et al. 2009). The 
presence of large numbers of invasive species in patches of forest close to human assets 
could result in a fire that behaves in a completely different way from that expected for 
native forest leading to misscalculated fire suppression actions. If information relating 
to fire behaviour and fuel structure of woody weeds was readily available to fire 
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managers, the safety of neighbouhoods near fuel hazard reduction zones or areas that 
are likely to suffer from wildfires would be enhanced. 
Prescribed burns in NSW must be in agreement with the Bush Fire 
Environmental Code (NSW Rural Fire Service 2006) however, there is little material in 
the Code regarding fire management of weeds. Hazard reduction burns also need to be 
conducted in accordance with the NSW Rural Fire Service Standards for Low Intensity 
Bush Fire Hazard Reduction Burning (NSW Rural Fire Service 2003). The main problem 
encountered here is that guidelines relating to weeds in the RFS Standards do not 
consider that these plants can change fire intensity and severity. The RFS Standards 
states that prescribed fires in areas containing weeds should operate in accordance 
with the Noxious Weeds Act 1993 (New South Wales Government 1993), and the 
conditions in the Best Practice Management manual for the species involved must be 
imposed to prevent their spread. If information regarding plant flammability and 
alteration in fire behaviour is added to Best Practice Management manual for each 
species it could be used as a guideline for hazard reduction, thus improving the control 
of weeds.  
Mandle et al. (2011) showed that intrinsic fuel properties of plants affect fire 
frequency, seasonality and intensity. According to their research there are two possible 
ways in which a woody weed can alter the fire regime. On one hand, woody weeds can 
cast shade, alter surface fuel load and composition and increasing its moisture, modify 
vertical fuel distribution and biomass and change the local microclimate. In some 
instances, woody weeds can reduce fire spread and diminish the risk of fires. However, 
an intense fire can still happen in such areas under particular conditions such as during 
extreme fire weather. On the other hand, fast growing plants forming dense stands of 
 
 
209 
 
flammable material can promote and enhance the pre-existing fire regime possibly 
creating a feedback cycle exacerbating further invasion. 
Woodlands in NSW invaded by African Olive seems to fit in the first category 
described by Mandle et al. (2011), while the invasion of woodlands by Cootamundra 
Wattle is more likely to fit into the second category. Both invasion scenarios have the 
potential to influence fire behaviour in very different ways. Even though describing and 
measuring the fuel provides the best information about the vegetation structure, there 
are no empirical models capable of predicting fire behaviour in invaded areas. Testing 
new methodologies to describe fuels and acquiring information on how each important 
weed in Australia could alter fuel loads, structure and flammability is becoming more 
important as the rates of plant invasions and spread rises (Groves 2002) and the global 
climate changes (Stocker et al. 2013). Consolidating this information into one database 
or adding it to nationally recognised databases and making the current knowledge 
available in established frameworks such as the Australian Weeds Strategy and Codes 
and Standards for prescribed burning would provide fire and land managers with a 
poweful tool for predicting fire behaviour and for integration of various aspects of fire 
fighting and weeds management industries. 
 
6.4. Recommendations and further research 
Investigate the alteration of fuel by weeds 
 To improve our understanding of the processes by which weeds can alter the 
fuel composition and structure more studies are needed to describe the fuel in invaded 
areas. Data about fuel load and vertical and horizontal structure of fine fuels in invaded 
areas needs to be systematically added to a common database allowing better 
forecasting of fire behaviour in these areas. Starting with the WONS and including this 
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information into relevant Best Practice Management manuals would improve the 
knowledge and management of invaded sites. 
 
Improved understanding of flammability of native and introduced species 
 Data collected in this study suggested that there is a wide range of flammability-
related variables capable of influencing fire behaviour. New studies describing plant 
flammability should include accurate measurements of leaf morphology and 
quantification of the four components of flammability. This additional data will enable 
further analyses of the correlation between leaf morphology and flammability. 
Investigating more woody weed species using a standardised methodology capable of 
accurately measuring the four components of flammability could support the creation of 
a ranked list of species flammability. White and Zipperer (2010) deeply discuss the 
usage and worthlesness of creating a plant list like suggested in this work. Despite the 
polemics on the scientific and policy making values of creating plant lists it is important 
to highlight that there is an increasing demand for them as more people move in the 
interface beetween forests and urban lands in Australia. Lists like this could and should 
be used together with fuel structure data to support managers taking decisions on 
wether or not to burn an area. 
 
Predictions and validation 
 Using fuel description data aquired in the field to build customised fuel models 
and simulation of fires in these fuels using the BehavePlus model is a reasonable option 
to aquire insight of the fire behaviour in weed invaded areas. However, caution is 
needed when using these models to predict fire behaviour and only experienced fire 
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managers should use this as an operational tool. Validation of the models using fire 
behaviour data aquired from the field is essential to improve and adjust the results.   
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